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It is well known that changes in the pore pressure associated with hydrocarbon exploita-
tion can cause reversible or irreversible modification of the stress-dependent permeability
in the reservoir, which is known as geomechanical damage. This investigation evaluates the
scenario where besides the pore pressure variation, the reservoir also experiences thermal
alteration. This scenario is commonly meet during thermal recovery projects performed in
different heavy oil reservoirs in Colombia; since most of the oil production in Colombia comes
from heavy oil reservoirs, the topic addressed in this investigation is of grater importance
for the oil industry in the country.
This master’s thesis has the main objective to develop a computational model in order to
evaluate the effect of temperature on the geomechanical damage. To achieve this objective, a
single-well simulator that integrates the fields of pressure, temperature, and stress was deve-
loped. Furthermore, the simulator also considers the elastoplastic behavior of the rock. The
approach for integrating the three aforementioned fields involved an implicit fully coupling
between stress and pressure, while the temperature remained as a known input variable
which was included in the system of equation explicitly. Since the investigation is focused
in the geomechanical damage and not in the proper modeling of temperature propagation,
the above approach is considered appropriated to tackle the objective of this master’s thesis.
The developed simulator was preliminary validated with analytical solutions obtaining good
results. Finally, a series of study cases were presented in the results section in order to prove
the capabilities of the simulator to study the effect of temperature on the geomechanical da-
mage in a poorly consolidated sand heavy oil reservoir. The results showed that, additional
to the geomechanical damage induced by pore pressure alteration, the temperature changes
can also cause geomechanical damage in the reservoir. This thermally induced geomechanical
damage can be reversible due to thermal expansion of the rock or irreversible due to shear
dilation of the rock. However, the chosen parameters and boundary conditions for the study
cases lead to small changes in productivity in spite of the observed geomechanical damage;
which evidenced the need for identifying in further investigations the scenarios where the
geomechanical damage play a more dramatic role in the productivity of the reservoir.
Keywords: Thermo-geomechanics, thermoporomechanics, thermohydromechanics (THM),
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The intrusive effect of a producer or injector well may disrupt the different initial equilibrium
states within an hydrocarbon reservoir such as the chemical equilibrium, the thermodyna-
mic equilibrium, the biological equilibrium, the geomechanical equilibrium, among others.
This alteration may impact the initial reservoir’s permeability, whether near or far from the
wellbore, and subsequently affect the productivity or injectivity of the well. This phenomena
is known as formation damage and may be caused by different mechanisms such as geome-
chanical, biological, chemical, among others (Civan, 2000).
The interest of this thesis is the geomechanical damage, which is defined as the change in
productivity or injectivity of an hydrocarbon well, induced by a modification of the rock’s
permeability, which is caused by an alteration in its stress state, whether near or far from
the wellbore. This type of formation damage is also known as stress-dependent permeabi-
lity; and, since the word damage has many connotations in geomechanics, instead, it will
be used the term stress-dependent permeability throughout this document in order to avoid
eventual confusion. The alteration of the stress state may be caused by different factors such
as variations in pressure and temperature within the wellbore and the reservoir, or chemical
reactions between the fluids in the wellbore and the formation (Hale et al., 1993; McLennan
and Abou-Sayed, 2002).
Generally, most of the studies in the literature are focused on investigating the coupled ef-
fect of stress and pressure on the modification of the stress-dependent permeability (Adams,
1983; Ostensen, 1986; Ruisten et al., 1996; Osorio et al., 1997; Nikolaevskiy and Economi-
des, 2000; Yuting et al., 2000; Denney, 2001; Schutjens et al., 2004). These studies show that
the principal mechanisms modifying the stress-dependent permeability are compaction, pore
collapse, shear dilation, and aperture or closure of existent fractures or the creation of new
ones. However, the majority of the investigations do not include the changes in temperature.
During its productive life, the reservoir may experience considerable geo-temperature altera-
tion induced during operations such as drilling, formation stimulation, thermal enhanced oil
recovery (EOR), and waterflooding. These geo-temperature variations may cause significant
alteration of the stress state, near and far the wellbore (Horsrud et al., 1991; Dusseault,
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1993), which may have an important effect on the stress-dependent permeability. This thesis
is intended to investigate the effect of geo-temperature alteration on the stress-dependent
permeability and how this effect evolves as the exposure to the thermal alteration varies
with time.
1.2. Research motivation
The extraction of heavy oil comes as an important alternative as the reserves of conventional
oil decline. In Colombia 57 % of the oil production comes from heavy oil fields (Bustos et al.,
2014). The heavy oil is characterized by its poor flow capacity due to its high viscosity at re-
servoir conditions; since the increasing temperature is a well known way of reducing the oil’s
viscosity, the thermal stimulation is one of the most important EOR techniques for extrac-
ting this type of hydrocarbon (Briggs et al., 1988). In Colombia the most popular thermal
EOR technique for extracting heavy oil is the cyclic steam stimulation (CSS), however there
is a high potential for using different thermal EOR techniques such as steamflooding, steam
assisted gravity drainage (SAGD), in-situ combustion, and electromagnetic heating (Castro
et al., 2010). These thermal EOR operations cause significant temperature alteration within
the reservoir, which is know to induce many geomechanical phenomena (Dusseault, 1993);
therefore, it is of much interest to understand how this geomechanical phenomena may com-
promise the productivity or injectivity of the wells and also the environmental safety.
As a way of addressing the effect of thermal alteration on productivity or injectivity, this the-
sis investigates the coupled effect of stress, pressure and temperature on the stress-dependent
permeability. This research topic is crucial for the thermal development of the heavy oil re-
serves in Colombia, and also, it is in line with the interests of the research group of applied
geomechanics GIGA, because it complements the research work that has been done about
the couple effect of stress and pressure on the stress-dependent permeability (Osorio et al.,
1997, 2002); moreover, it is also an interest of the research group to have theory, constitutive
models, and computer simulators for investigating the geomechanical effects of temperature
variations in the reservoir.
1.3. Objectives of the thesis
1.3.1. General objective
To develop a computational model in order to evaluate the effect of temperature on the
geomechanical damage.
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1.3.2. Specific objectives
To develop a model which integrates the fields of stress, pressure, and temperature in
the reservoir.
To perform a preliminary validation of the model.
To evaluate the effect of the thermo-geomechanical damage on the reservoir producti-
vity, and how this effect propagates within the reservoir as the exposure to the thermal
alteration varies with time.
1.4. Literature review
In order to accomplish the objectives of this investigation it is necessary to understand the
phenomenology involved in the coupled effect of stress, pressure and temperature within
the reservoir, and it is also important to know the experimental and field evidence of this
phenomenon. All of this topics were covered in a resent publication (Uribe-Patiño et al.,
2017); however, in this section just the main aspects concerning the effect of temperature
on the stress-dependent permeability are highlighted. First some field evidence is presented
in the subsection 1.4.1; then three approaches to understand the effect of temperature on
the stress-dependent permeability are depicted: (1) based in flow tests (subsection 1.4.2), (2)
based in the stress path (subsection 1.4.3), and (3) including the concept of thermoplasticity
(subsection 1.4.4); next, some important works about THM theory and numerical modeling
are introduced in the subsection 1.4.5; and finally, a discussion about the reviewed works is
elaborated in the subsection 1.4.6.
1.4.1. Field evidence
Over the years, several observations during field operations have left the feeling that some
important thermo-geomechanical phenomena may modify the stress-dependent permeability
of some hydrocarbon reservoirs. For example, the field cases where injecting fluids with tem-
perature lower than the geo-temperature of the reservoir led to a significant improvement
of injectivity (Nazir et al., 1994; Ovens et al., 1998; Souza et al., 2005; Goodarzi et al.,
2013); the field cases with alternating cycles of hot and cold fluid injection, which evidenced
an increase of injectivity when injecting the cold fluids and a reduction of injectivity when
injecting the hot fluids (Martins et al., 1995; Paige et al., 1995; Slevinsky, 2002; Gunnars-
son, 2013), additionally, Gunnarsson (2013) observed an increasing seismicity activity when
injecting the cold fluids; or the field cases corresponding to steam assisted gravity drainage
(SAGD) processes, where the increasing temperature induced an important irreversible en-
hancement of permeability due to shear dilation of the reservoir rock (Beattie et al., 1991;
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Chalaturnyk, 1996).
1.4.2. Analysis of thermal alteration of permeability based on flow
tests
Several experimental studies have been performed with the aim of understanding the role
of temperature on the rock’s permeability. The first approach was the flow base test, which
consisted of estimating the change of permeability from the Darcy’s law while performing
flow tests on core samples at different temperatures with or without confining pressure. This
approach led to an evident lack of consensus about the role of temperature in permeabi-
lity modification and the authors ended up attributing the thermally induced permeability
alteration to several reasons, some of them are: (1) a mechanical response such as microstruc-
tural rearrangements in the rock matrix and changes in the pore structure (Greenberg, 1968;
Afinogenov, 1969; Aktan and Farouq Ali, 1975; Arihara, 1974; Weinbrandt et al., 1975),
(2) physicochemical reactions between the flowing fluid and the minerals within the rock
(Afinogenov, 1969; Casse, 1974; Aruna, 1976; Udell and Lofy, 1989), (3) a superposition of
different effects such as the decrease in porosity, changes in the pore tortuosity, variations
in the resistivity factor, the electrokinetic effect, or clay reactions leading to migration and
plugging by clay particles (Somerton and Mathur, 1976), (4) a mechanical or physicochemi-
cal effect which was intensified by the increasing confining pressure (Casse and Ramey Jr,
1979), (5) converging flow in the core plugs (Sageev, 1980), (6) a plugging mechanism caused
by the formation of colloidal ferric oxides or hydroxides derived from corrosion of the steel
in the flow system (Potter et al., 1981), (7) the result of improper experimental procedures
(Gobran et al., 1987), and (8) no effect observed (Arihara, 1974; Wei et al., 1986). Moreo-
ver, a recent review of these flow-based experiments concluded that the thermal effect in
the studies analyzed is negligible; the authors propose the kaolinite migration as a probable
permeability reduction mechanism in the analyzed studies (Rosenbrand et al., 2014).
1.4.3. Analysis of thermal alteration of permeability based on the
stress path
Different stress paths may trigger different deformation mechanisms in the rock, which may
modify the stress-dependent permeability in several ways (Schutjens et al., 2004). Therefore,
there is some correlation between the stress path and the stress-dependent permeability.
This subject is well documented in the literature, for example, the study of the permeability
enhancement due to shear dilation (Oldakowski, 1994; Touhidi-Baghini, 1998; Olson et al.,
2009) or the impairment of permeability during grain crushing and pore collapse (Zoback
and Byerlee, 1976; Davies and Davies, 1999; David et al., 1994, 2001).
1.4 Literature review 5
The second approach for estimating the thermal alteration of the stress-dependent permea-
bility consists of including the thermal stress component in the stress path analysis, which
gives the advantage of using previous correlations between the stress path and permeability
developed under isothermal conditions for rocks with known geomechanical and petrophysi-
cal characteristics. This approach has been successfully applied for correlating the irreversible
permeability enhancement observed during SAGD operations with shear dilation caused by
an stress path composed of the combination of a pore pressure component and a thermal com-
ponent (figure 1-1) (Chalaturnyk, 1996). In other publication, Li and Chalaturnyk (2006)
show that the empirical correlation developed by Touhidi-Baghini (1998) under isothermal
conditions gives a good performance fitting the observed permeability changes with the
stress paths they registered during the SAGD operations, and for this reasons, this empiri-
cal correlation was implemented in numerical simulation for estimating the stress-dependent
permeability during such operations (Chalaturnyk and Li, 2004).
Figure 1-1.: Schematic of a possible stress path within the reservoir during SAGD process
(modified from Chalaturnyk and Li (2004)).
One important assumption when using correlations for stress-dependent permeability derived
under isothermal conditions is that the failure envelop does not change under non-isothermal
conditions, and this assumption have been proved to be reasonable when the rock sample
correspond to a clean sandstone or it is composed in a greater proportion by quartz (Agar
et al., 1987). However, it is important to note that others reservoir rocks may diverge from
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this condition, for example, a recent experimental study with a heavy oil reservoir rock from
Colombia, showed that the elastic and strength properties have significant variations with
increasing temperature, and the characterization of that rock showed a badly sorted grain
size with between 25 % and 30 % of fine material such as clay and silt (Arias, 2015).
The stress path approach also suggests that the correlations developed under isothermal
conditions between the stress-dependent permeability and other stress paths not leading to
shear dilation may also be used under non-isothermal conditions; for example, the investi-
gations developed for stress paths leading to grain crushing and pore collapse (Zoback and
Byerlee, 1976; David et al., 2001; Chan and Zoback, 2002). However, the application of co-
rrelations developed under isothermal conditions is not often straightforward and it requires
the use of fitting parameters, the reason is that an small variation in the initial petrophysical
or geomechanical properties may cause different stress-dependent permeability behaviors for
the same stress path; for example, small differences on the initial porosity lead to significant
changes not only in the stress-dependent permeability but also in the shear failure envelop
(Agar et al., 1987; Elyes Yaich, 2008). In addition, it is important to note that the way
the approach based on the stress path analysis was presented in this subsection, makes it
unable to explain the stress-dependent modifications observed in rock samples subjected to
heating under boundary condition of constant effective stress (e.g. heating under constant
external stresses and drained conditions); the reason is, since the effective stresses are not
changing, there is not modification of the stress path and therefore the approach will not see
any stress-dependent permeability alteration in the stress-path diagram. This issue reveals
the importance of the third approach that will be presented in the next subsection.
1.4.4. Analysis of thermal alteration of permeability including the
concept of thermoplasticity
As it was mentioned in the previous subsection, the temperature variations may induce not
only thermal stresses that may modify the stress path, but also, it may alter the shear fai-
lure surface, as well as, the end cap surface that encloses the elastic domain in a stress path
diagram (e.g. the p′ - q domain). The reason why changes in temperature may modify the
rock’s elastic domain is the thermal alteration of its elastic and strength properties, which
may lead to thermal irreversible deformation even though there has not been any change in
the effective stresses (e.g. heating under constant external stresses and drained conditions);
this phenomenon is referred as thermoplasticity (Laloui, 2011). The thermal alteration of
the rock’s elastic and strength properties have been demonstrated with numerous laboratory
tests and, of particular interest, for sandstones through tests such as uniaxial tests perfor-
med on previously heated samples (Somerton et al., 1965), uniaxial tests performed while
heating (Rao et al., 2007; Zhang et al., 2009), triaxial tests performed while heating (Araújo
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et al., 1997; Hassanzadegan et al., 2014; Arias, 2015; Lin et al., 2016), and triaxial tests
performed on previously heated samples (Yu et al., 2015). These laboratory tests eviden-
ced that the response of the rock to changes in temperature is significantly influenced not
only by mineralogical factors such as the strength of the constituent minerals, the nature
of the bonding between them, their thermal expansion coefficient, chemical reactions, and
phase changes; but also, it is influenced by the structural characteristics of the rock such as
porosity, pore interconnectivity, fracture or microfracture content, and grain geometry and
sorting (Somerton, 1992; Syga la et al., 2013). Therefore, the enormous diversity in mineral
and structural characteristics of sandstones makes not possible to obtain general results from
those experimental tests.
Nevertheless, it is very interesting to note that, for conditions of constant effective stress (e.g.
heating under constant external stresses and drained condition), even though the theory of
thermoporoelasticity predicts a volumetric expansion, a porosity augmentation and subse-
quently a permeability augmentation with increasing temperature (see section 2); however,
the experimental results show in some cases the opposite behavior, that is, a volumetric con-
traction and a reduction in porosity and permeability with increasing temperature, and also
a high dependency on the confining stress (Hassanzadegan et al., 2014; Arias, 2015). These
results suggest that the thermal alteration of the rock has a strong potential of inducing
non-elastic phenomena. Moreover, it has been noted that there is a marked difference in
the response to changes in temperature, between well-cemented rocks and poorly-cemented
rocks. For the well-cemented rocks the change in temperature is likely to generate non-elastic
response by inducing microfractures (Hassanzadegan et al., 2014), whereas, for the uncemen-
ted rocks the thermal alteration is likely to cause non-elastic behavior by inducing relative
movement of grains (e.g. the results presented by Arias (2015)).
In addition, it is very surprising how the behavior under heating of the poorly-cemented
sandstones, observed in some experimental works (Araújo et al., 1997; Arias, 2015; Lin
et al., 2016), resembles the response of soils to changes in temperature observed by Laloui
and Cekerevac (2003) corresponding to two phenomena: (1) the transition to a more ductile
state with increasing temperature and (2) the particularity that the response of the rock to
heating is significantly dependent on the confining stress. These similitudes are accentuated
when the rock has a considerable amount of clay content (e.g. the results presented by Arias
(2015)). An example of an advanced constitutive model which considers the phenomena of
thermoplasticity is the one developed by Laloui and François (2009), which is a modification
of the Cam-Clay model. As shown in the figure 1-2, there is a reduction of the elastic domain
with increasing temperature, which is delimited by two yield surfaces: the deviatoric yield
limit (fdev) which is similar to the original Cam-Clay yield surface but which shrinks with
increasing temperature, and the isotropic yield limit (fiso) which accounts for the reduction
of the preconsolidation stress (p′c) with increasing temperature and also, as it is shown in
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the figure 1-3, it accounts for the thermoplastic phenomenon. The figure 1-3 shows how the
isotropic yield limit (fiso) moves with heating paths in order to produce thermoplasticity.
For example, the case (a) corresponds to the heating of a normal consolidated soil (NC),
which means that the confining stress is equal to the maximum past confining stress and
therefore the initial stress path is on the isotropic yield limit (fiso). When the sample is
heated the yield surface moves to the right, producing thermoplastisity, and in this case the
soil will contract with increasing temperature instead of dilate. The case (c) correspond to
the heating of a highly over-consolidated (OC) soil, which means that the confining stress
is significantly lower than the maximum past confining stress. In this case the heating path
does not move the isotropic yield limit (fiso), therefore there is not generation of thermo-
plasticity (the heating process keeps within the thermoelastic domain) and, as the theory
of thermoeslaticity predicts, the soil sample will dilate with increasing temperature. The
case (b) is between the above two states, initially, the soil sample will dilate with increasing
temperature, and when the heating path touches the isotropic yield limit (fiso), the soil
will tend to a contracting behavior producing thermoplasticity. Note that depending on the
over-consolidation ratio (OCR), which is defined as the actual confining stress divided by
the maximum past confining stress, the response of the soil to heating will be different and
off-course the behavior of the stress-dependent permeability will be also different. In other
words, the effect of temperature on the stress-dependent permeability may be affected by
the stress history.
Figure 1-2.: Schematic of the advanced constitutive model for environmental geomechanics-
thermal effect (ACMEG-T) (from Laloui and François (2009)).
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Figure 1-3.: Schematic of the behavior of the isotropic yield limit (fiso) under heating
at different degrees of consolidation: (a) normally consolidated; (b) slightly
over-consolidated; and (c) highly over-consolidated (from Laloui and François
(2009)).
The results obtained by Arias (2015) from triaxial tests performed while heating on a poorly-
cemented sandstone from a heavy oil reservoir in Colombia may be interpreted using the
thermoplastic theory proposed by Laloui and François (2009). In his study, Arias (2015)
presented two interesting results: (1) for a rock sample which was isotropically consolidated
to a confining stress of 8.2 MPa before the heating process (the sample was normally con-
solidated during heating), and (2) for a rock sample which was isotropically consolidated to
a confining stress of 8.2 MPa but next the confining stress was reduced isotropically to 0.4
MPa before the heating process (the sample was highly over-consolidated during heating).
As predicted by the theory proposed by Laloui and François (2009), the normal consolidated
sample contracted with increasing temperature (figure 1-4) producing thermoplasticity, and
the highly over-consolidated sample dilated with increasing temperature (figure 1-5). As it is
expected, the measured porosity increased or decreased depending if the rock sample dilated
or contracted with increasing temperature, respectively (1-6). The permeability measured
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with a flow test decreased as expected when the sample contracted (figure 1-7), however,
when the sample dilated, the permeability increased as expected, but for some reason, it
decreased after the temperature reached a value of 80◦C (figure 1-8). An explanation for
that result may be extracted from the study performed by Somerton et al. (1965), which
demonstrated that the response of the rock’s stress-dependent permeability will be very un-
predictable if the heating process triggers chemical reactions or phase changes of the mineral
which constitute the rock sample.
Figure 1-4.: Behavior of the confining stress (green), temperature (red) and volumetric
strain (blue) during a heating process with hydrostatic confining stress of 8.2
MPa. This graph shows an increasing volumetric strain with increasing tempe-
rature and according to the geomechanical convention this means a contraction
of the sample (modified from Arias (2015)).
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Figure 1-5.: Behavior of the confining stress (green), temperature (red) and volumetric
strain (blue) during a heating process with hydrostatic confining stress of 0.4
MPa. This graph shows a reduction of the volumetric strain with increasing
temperature and according to the geomechanical convention this means an
expansion of the sample (modified from Arias (2015)).
Figure 1-6.: Behavior of the porosity during heating under an hydrostatic confining pressure
of 8.2 MPa (blue) and an hydrostatic confining pressure of 0.4 MPa (red)
(modified from Arias (2015)).
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Figure 1-7.: Behavior of the normalized permeability during heating under an hydrostatic
confining pressure of 8.2 MPa (modified from Arias (2015)).
Figure 1-8.: Behavior of the normalized permeability during heating under an hydrostatic
confining pressure of 0.4 MPa (modified from Arias (2015)).
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1.4.5. The THM theory and modeling
The response of the rock to the combined effects of the stress, pressure, and temperature
is studied under the theory of thermoporomechanics (e.g thermoporoelasticity or thermo-
poroplasticity). Several authors have worked in the extension of Biot’s theory to include
the thermal effect (e.g. Schiffman, 1971; Brownell et al., 1977; Morland, 1978; Derski and
Kowalski, 1979; Bear and Corapcioglu, 1981; Bowen, 1982; Palciauskas and Domenico, 1982;
Noorishad et al., 1984; Booker and Savvidou, 1984, 1985). And some others have provide
general formulations to include the theory of thermoporoelastoplasticity (e.g. Corapcioglu,
1983; Coussy, 1989; Hueckel and Borsetto, 1990; Coussy et al., 1991; Wang and Dusseault,
1995; Laloui and François, 2009). The THM theory has been the base for the developing of
important analytical models (e.g. Wang and Papamichos, 1994; McTigue, 1986; Hojka and
Dusseault, 1992; Chen and Ewy, 2005; Kurashige, 1989; Li, 1998; Ghassemi et al., 2007) and
numerical models so advanced that consider for example the rock’s elastoplastic behavior,
multiphase flow, fracture creation or reactivation, and coupling between the finite element
method and the finite differences method (e.g. Tortike, 1991; Rewis, 1999; Pao et al., 2001;
Yin et al., 2010; Diek et al., 2011).
1.4.6. Discussion
The above literature review demonstrates that the effect of temperature on the stress-
dependent permeability is a very interesting topic, which have been investigated deeply along
the last ten years. Many phenomena may be involved in the variation of the rock’s permea-
bility with temperature changes, and for this reason, it was presented different approaches to
study this subject, which may complement each other in order to get a complete view of the
overall effect of temperature changes on the stress-dependent permeability. Finally, it was
noted that the current stated of the art of the THM theory and modeling provides the tools
to elaborate a model the sufficiently robust to meet the main objective of this investigation.
1.5. Methodology
The literature review presented in the section 1.4 allows us to identify the following aspects
required to meet the main objective of this investigation:
A model which integrates the fields of pressure, stress and temperature within the
reservoir.
A constitutive model which allows to represent the behavior of the rock for different
stress paths. This model should predict if a given stress path produces compaction or
dilation of the rock, which significantly influences the response of the stress-dependent
permeability.
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A correlation between the stress changes and the response of the rock’s stress-dependent
permeability.
According with the above requirements and based in the research motivation (section 1.2),
this thesis proposes the developing of a numerical model with the following characteristics:
For a monophasic problem the integration of the fields of pressure, stress, and tempera-
ture results in a system of equations with five unknown variables (pressure, temperatu-
re, and the displacements in the three directions). In order to simplify the development
of the numerical model, it will be assumed that the temperature is known from a given
profile, that is, the model will not resolve the energy equation; it will just calculate
the pressure and displacements for a defined temperature change. This simplification is
considered reasonable within thesis, because the interest of this investigation is focused
in the response of the rock to temperature changes, rather than the correct modeling
of temperature profiles within the reservoir rock.
The fluid in the model will be single phase and the physico-chemical reactions between
the fluid and the rock will be ignored. Since the objective of the thesis is focused on
the geomechanical response of the rock to temperature changes, the simplification of
the fluid flow equation is valid in order to consider the thermo-mechanical and the
elastoplastic phenomena.
The differential equations will be solved for a cylindrical grid using the finite differences
method.
The model will be focused in the behavior around a single well (single-well model),
this limits the analysis to thermal recovery process with only one well involved, for
example CSS, hot fluid injection and electrical heating.
The rock will be assumed isotropic and homogeneous, therefore the changes in the
stress-dependent permeability will be directly correlated to changes in the rock’s po-
rosity.
The elastoplastic model which will be implemented is the modified Cam-Clay. Since this
elastoplastic model uses critical state theory, it captures a very important feature for
performing an stress path analysis, which is the modeling of rock dilation or compaction
depending on the stress path. However, it assumes that the rock has zero cohesion,
which limits the analysis to uncemented or poorly cemented rocks. This is favorable
for the development of this thesis, because it narrows the scope of the analysis, and also
according to experimental data performed by the group of applied geomechanics GIGA
(Arias, 2015), it is in agreement with the characteristics of some heavy oil reservoirs
in Colombia.
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The effect of thermoplasticity will considered as the variation of the elastic properties
of the rock and the parameters of the elastoplastic model with temperature. This
information will be extracted in the form of correlations from the laboratory tests
performed by Arias (2015).
Finally, since the rock is assumed homogeneous, the the stress-dependent permeability
changes will be directly correlated with the porosity changes using the Kozeny-Carman
model.
It is considered that a computational model with the above characteristics will meet the
necessary to accomplish the main objective of this master thesis.
1.6. Organization of the thesis
This document is organized as follows:
Chapter 1: States the scope of the thesis including the problem statement, the research
motivation, objectives, literature review, and methodology.
Chapter 2: Presents all the basic concepts and background theory required to follow
the contents of this thesis.
Chapter 3: Shows the development and validation of the the THM simulator proposed
in this thesis.
Chapter 4: Shows the results obtained for the chosen study cases, and it also includes
a discussion of these results.
Chapter 5: Contains the conclusions and recommendations which remains after meeting
the objectives proposed in this investigation.
2. Theoretical background
2.1. Introduction
This chapter develops and summarizes the basic theory required to establish a proper langua-
ge in order to elaborate all the elements involved in the development of the THM reservoir
simulator which is presented in the chapter 3. The concepts that were selected to be covered
in this chapter are the stress-dependent permeability for homogeneous rocks, the constituti-
ve relations, the stress path, and the mechanics involved in the propagation of pressure and
temperature in the reservoir during a THM process.
2.2. The stress-dependent permeability as a function of
porosity
As it was mentioned in the introduction, the stress-dependent permeability is the phenomena
by which changing the stress state will produce a mechanical modification of the rock’s flow
capacity. If it is assumed that the rock is homogeneous (it has not discontinuities and its
geomechanical properties do not vary spatially) and isotropic (its geomechanical properties
do not vary with the load direction), the thermoporomechanics theory suggests that an
stress-induced alteration of the rock’s permeability is proportional to the modification of its
porosity. However, in practice it is difficult to correlate directly a porosity change with a
permeability change, particularly if the constitutive behavior of the rock is no longer elastic
after the stress state modification (Davies and Davies, 1999; Wong, 2003; Li and Chalaturnyk,
2006). Acknowledging the above aspects, this investigation will use the model proposed by
Carman-Kozeny (equation 2-1) mainly due to its simplicity and its generality, even thought
it has been demonstrated its lack of accuracy during elastoplastic processes (Wong, 2003;
Li and Chalaturnyk, 2006). It is important to note that the mentioned stress-dependent
permeability model does not consider the deviatoric part of the stress tensor, therefore, the
changes in the stress dependent permeability will be a function of volumetric strains rather
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Therefore, before studying the effect of temperature on the stress-dependent permeability,
the scope is redirected to the effect of temperature on the rock’s porosity. In this order of
ideas, the theory of thermoporoelasticity allows us to express a porosity change during a
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(dσ − dp) + (βp − βb)dT (2-2)
Since the behavior in the reservoir is coupled THM, a temperature change not only generates
a change in the rock’s porosity; but also, it can modify the pore pressure and the mean total
stress, which in turn, as shown in the above equation, modifies the rock’s porosity as well.
However, as it will be explained, the effect of temperature on the total stress and the pore
pressure depends on the boundary conditions that the rock experiments. For example, when
an unconstrained rock undergoes a temperature change, it will experience a volumetric strain
(figure 2-1) proportional to the temperature change and its volumetric coefficient of thermal
expansion, like that
∆εv = −βb∆T (2-3)
However if the volumetric straining of the rock is constrained, the temperature change will
induce instead a modification of the total mean stress proportional to the rock’s bulk modulus
and the thermally induced volumetric strain, such that
∆σ̃ = −Kb∆εv = Kbβb∆T (2-4)
This thermally induced modification of the total mean stress will also cause a change in
the effective mean stress (figure 2-2). On the other hand, if the rock’s pore fluid is under
drained conditions, the variation in temperature will induce a volumetric strain of the fluid
(figure 2-3) proportional to its thermal expansion coefficient and the temperature change
(equation 2-5), what is known to cause fluid movement within the porous media (Wang and
Papamichos, 1994; Yang et al., 2014).
∆εf = −βf∆T (2-5)
However if the pore fluid is under undrained conditions, the temperature modification will
induce a change in the pore pressure proportional to the fluid’s bulk modulus and the ther-
mally induced volumetric strain, like that
∆p = −Kf∆εf = Kfβf∆T (2-6)
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That thermally induced pore pressure can also modify the mean effective stress as shown in
the figure 2-4.
Figure 2-1.: If the rock has a positive volumetric coefficient of thermal expansion and it
is unconstrained, the equation 2-3 predicts an expansion of the rock for a
temperature increase (left red) and a contraction of the rock for a temperature
reduction (right blue).
Figure 2-2.: For a positive volumetric coefficient of thermal expansion, the equation 2-4
predicts an increase of the total mean stress for a positive temperature chan-
ge, which in turn, increases the mean effective stress (right red). And if the
temperature change is negative, the equation 2-4 predicts a reduction of the
total mean stress for a negative temperature change, which in turn, reduces
the mean effective stress (left blue).
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Figure 2-3.: The equation 2-5 predicts an expansion of the fluid for a temperature increase
(left red) and a contraction of the fluid for a temperature reduction (right blue).
Both phenomena are known to induce fluid movement within the porous media,
what is called thermal osmosis (Yang et al., 2014).
Figure 2-4.: For a positive coefficient of thermal expansion, the equation 2-6 predicts an
increase of pore pressure for a positive temperature change, which in turn,
reduces the mean effective stress (left blue). And if the temperature change is
negative, the equation 2-6 predicts a reduction of pore pressure for a negative
temperature change, which in turn, increases the mean effective stress (right
red).
Due to the above behavior, the effect of temperature on the rock’s porosity will be highly
dependent on which boundary conditions are set for the rock and its pore fluid, which makes
the effect of temperature on the stress-dependent permeability also highly dependent on
these boundary conditions. But, what will happen if the THM process causes the rock to
constitutive behave no longer elastic? That is, if the process generates irreversible strains.
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Note that the suppositions involved in the development of the above equation (see appen-
dix A), lead to an expression that says, for the irreversible part, that a positive irreversible
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porosity change (or permeability change, since it is a function of porosity) is caused by a
negative irreversible volumetric strain (dilation); and a negative irreversible porosity change
(or permeability change) is caused by a positive irreversible volumetric strain (compaction).
Those statements are in agreement with laboratory results reported in the literature, for
example, a negative irreversible volumetric strain (dilation) of the rock has been correlated
to an irreversible permeability increase (Oldakowski, 1994; Touhidi-Baghini, 1998; Li and
Chalaturnyk, 2006; Olson et al., 2009; Lin et al., 2016), and a positive irreversible volu-
metric strain (compaction) has been correlated to an irreversible porosity and permeability
decrease (Zoback and Byerlee, 1976; Davies and Davies, 1999; David et al., 1994, 2001).
Therefore, the plastic volumetric strain term in the above equation is activated when the
rock is brought to a certain stress state to which it begins to exhibit irreversible deformation.
For that reason, the determination of the stress state from which the rock’s behavior is no
longer elastic is critical in order to say if the alteration of the rock’s flow capacity after a
THM process will be irreversible or not. In the following, the main aspects involved in that
task will be presented.
2.3. Rock’s constitutive behavior
As it was introduced in the previous section, understanding the mechanical response of the
rock to changes in the stress state, during THM processes, is imperative in order to com-
prehend the effect of temperature on the stress-dependent permeability. That response is
determined by the rock’s constitutive behavior, which is usually studied from triaxial tests
on rock samples. The main objective of those tests is to figure out a constitutive relations-
hip in order to estimate the magnitude of straining that results from subjecting the rock
to an stress change. Linear elasticity is the simplest constitutive relationship; however, its
limited applicability has lead to the development of different constitutive relationships to
include features such as non linearity, anisotropy, failure, yielding, loading rate dependency,
and time dependency. Moreover, the development of more realistic constitutive models has
been boosted by the emergence of more powerful numerical methods and the use of high
performance computers. For that reason, this section introduces some basic aspects involved
in the constitutive modeling, which will be recalled in the section related to the constitutive
model implemented in this thesis.
2.3.1. Rock’s response to straining
Depending on the magnitude of the straining, the response of the rock may vary considerable;
for example, under a typical drained triaxial compression test (figure 2-5), the results for
cemented and uncemented rocks are essentially similar. There is a reversible behavior in the
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initial part of the test until the stress path reaches the yield stress (Y), a point from which
the rock’s straining becomes irreversible. As it can be seen in the figure 2-5b, after the yield
point, the curves for contractant and dilatant rocks deviate more an more as the straining
increases. Contracting behavior may be related to rotation of grains, relative movement, or
even grain crushing if the rock is uncemented; and if the rock is cemented, contraction may
be related to permanent damage of the rock framework and cementing material (Carlson,
2003; David et al., 2001). On the other hand, dilating behavior may be related to relative
sliding of grains if the rock is uncemented; and if the rock is cemented, dilation may be
related to sliding at microcracks (Vermeer and de Borst, 1989).
(a) (b)
Figure 2-5.: Typical drain triaxial compression test (a) triaxial test stress path. (b) Stress-
strain response for dilatant and contractant rock behavior.
Yielding is different for dilatant and contractant rocks (figure 2-5b). Contractant rocks expe-
rience hardening during all the yield section, which means that the new yield point increases
as the rock strains. On the other hand, dilatant rocks experience hardening during the yield
section until the peak stress (P) and softening after that point; which means that the yield
point reduces as the rocks strains. If the yielding continues for both type of rock behavior,
the shear failure stress state is reached. In practice, the definition of the shear failure point
may vary in laboratory tests; however, it is defined theoretically as the point where the axial
strain (ε1) keeps increasing at constant shear stress (figure 2-5b) while the volumetric strain
(εv) keeps constant (figure 2-6a), which coincides with the definition of critical state.
As it was introduced in the subsection 2.2, the assumption of rock homogeneity implies that
the rock density changes involved in the dilatant or contractant behaviors can be correlated
to irreversible modifications of the rock’s stress-dependent permeability (figure 2-6).
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(a) (b)
Figure 2-6.: Correlation between irreversible changes in rock volumetric strain (εv) and
stress-dependent permeability (K). (a) Depending on the behavior of the rock,
it may undergo contraction (increasing volumetric strain) or dilation (decrea-
sing volumetric strain) after the yield point. (b) For an homogeneous rock,
those irreversible changes in the volumetric strain and rock density can be
correlated to changes in the stress-dependent permeability.
Shear failure
Rock shear failure is defined theoretically as the point where the axial strain (ε1) keeps
increasing at constant shear stress (figure 2-5b) while the volumetric strain (εv) keeps cons-
tant (figure 2-6a), which is also known as plastic flow. Generally, the shear failure stress is
greater as the mean effective stress increases. All possible failure stress states will form a
failure surface, which for simplicity, it is usually represented as a straight line in the p′-q
space, for example the Mohr-Coulomb failure function (equation 2-8).
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As it was already mentioned, as the effective stress state reaches the failure surface, the
plastic flow takes place; this post-failure state may be of minor importance during triaxial
tests, since the rock sample loses its bearing capacity and strains at constant stresses. Ho-
wever, within the reservoir, failure is initially confined to certain zones, which grow as the
THM process progresses with time. This aspect is very important because the evolution or
advancement of the failed zone during a THM process will imply a progressive modification
of the reservoir’s stress-dependent permeability, which can be thought as a new source of
heterogeneity in the porous media.
Since the stresses stay constant during shear failure, all the strain changes will be of plastic
nature (compare with the shear yielding case), and since no stress state outside the failure
surface is admissible; therefore, in order to continue the plastic flow, any stress change must
keep on the failure surface. This restriction is known as the consistency condition and can




· dσij = 0 (2-9)
It means that the stress change vector dσij must be perpendicular to the vector normal to
the failure surface n = dF/dσij, therefore, dσij should be parallel to the failure surface. If
it also is considered the Drucker’s stability postulate, which says that the plastic work done
by a stress change must be positive (dσij · dεpij ≥ 0), that is, the angle between the vectors
dσij and dε
p
ij must be lower or equal than 90
◦; then, we arrive to the associated flow-rule,
which says that the plastic strain vector dεpij must be parallel to the the vector normal to





Where dλ is known as the plastic multiplier. The flow rule is called associative because it is
associated with a particular failure function F. However, it has been demonstrated that the
associative flow rule (equation 2-10), which has a successful application for metals, does not
hold for geomaterials like rocks; because it overestimates dilatancy (Vermeer and de Borst,
1989; Puzrin, 2012). Dilatancy can be described as an irreversible change in the rock’s volume,
whether an expansion (positive dilatancy) or a contraction (negative dilatancy), associated
to an irreversible shear strain (Vermeer and de Borst, 1989; Salgado, 2007).
Therefore, in order to incorporate a more realistic dilatancy, it is required that the incre-
mental plastic strain vector dεpij is not normal to the failure surface; better it is set to be
normal to an additional family of surfaces G, which are called the plastic potential functions,
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Up to this point, we have seen how the plastic flow rule defines the direction of the plastic
strain vector, however, they do not give its magnitude. In order to find the magnitude of the
plastic strain vector, the following procedure is commonly used. First, it is assumed that the






Then, the strain decomposition is substituted into the Hooke’s law:
dσij = Cijkldε
e
kl = Cijkl (dεkl − dε
p
kl) (2-13)
Subsequently the flow rule, which is represented by the letter R, is invoked; where R = F






















dλ = 0 (2-15)





Substituting the above expression into (2-14) and reorganizing, we calculate the incremental

















Where Cepijkl is called the elasto-plastic constitutive matrix.
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Shear yielding
Plastic yielding is between the behavior of purely elastic and purely plastic (figure 2-5),
therefore, it causes elastic and plastic strain increments. Yielding initiates at the yield point,
and after that point, the stress-strain behavior becomes irreversible; for this reason, after
an unloading the stress-strain curve will show an irrecoverable strain, and after a reloading,
the plastic yielding will start at a yield stress different than the previous one. If the new
yield stress is higher than the previous one, the phenomenon is called hardening, and if the
new yield stress is lower than the previous one, it is called softening. All possible yield stress
states form a yield surface Y (σij, χij), which similar to the failure surface, it is a function
of the stress state, but in this case it is also a function of the hardening parameter χij. The
hardening parameter can expand, contract or shift the yield function; therefore, the yield
surface evolution is prescribed via its functional dependency on the hardening parameter,
which is called the hardening rule. For example, for the Mohr-Coulomb yield function the
parameters M and d may be a function of the plastic shear strain εps, that in this case works
as the hardening parameter, then it controls the evolution of the yield function with the
following hardening rule:
M = f(εps) (2-18)
d = f(εps) (2-19)
The main differences between the yield function and the failure function are:
there is no restriction on the direction of the incremental stress vector
the yield surface may contract or expand, so that the stress state after the increment
still stays on the (expanded/contracted) yield surface.
Similar to the failure surface, the yield surface has to meet the consistency condition (equa-
tion 2-20), however, the expression is a little different from the expression 2-9, because the







· dχi = 0 (2-20)
As it was said, unlike at failure, the incremental stress vector dσij does not need to be
perpendicular to the vector normal to the yield function n = dY /dσij to meet the consistency
condition; for example, for the hardening case dY /dσij ·dσij ≥ 0 and the yield surface has to
expand, then, in order to ensure the consistency condition (equation 2-20), dY /dχi ·dχi ≤ 0.
In the other hand, for the softening case dY /dσij · dσij < 0 and the yield surface has to
contract, then, in order to ensure the consistency condition (equation 2-20), dY /dχi ·dχi > 0.
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The softening is different from unloading, because the later case does not longer meet the







· dχi < 0 (2-21)
Similar to failure, for the yielding case the flow rule may be associative if the incremental






Or the flow rule may be non-associative if the plastic strain vector dεpij is parallel to the





A similar procedure to the failure case can be followed in order to find the magnitude of the
plastic strain. For a strain hardening yield surface:
Y (σij, ε
p
ij) = 0 (2-24)







· dεpij = 0 (2-25)








Where H is called the hardening modulus
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If the flow rule is associative R = Y and if it is non-associative R = G. An expression for
the plastic strain increments is found by substituting the above equation into the flow rule










Finally, an expression for the compliance matrix (Depijkl) can be found by substitution the





















Volumetric yielding - Compaction
Up to this point, we can infer that stress paths with slope lower than the slope of the yield
function will never produce yielding or failure; however, yielding may also take place in the
form of volumetric yielding or compaction.
Compaction is the mechanism by which the rock collapses under the influence of external
stresses resulting in a denser material. The processes involved in rock compaction varies de-
pending on its physical characteristics; for example, for poorly cemented rocks, compaction
is characterized by rotation and relative movement of grains to fit the void spaces, also, if
the confining stresses are sufficiently high, the grains may also get crushed (David et al.,
1994; Carlson, 2003). For well-cemented rocks, compaction consists mainly in the permanent
damage of the rock’s framework and cementing material (David et al., 2001). Even though
compaction is related to hydrostatic stress changes, shearing at high confining stresses may
also produce compaction, which is referred as shear enhanced compaction (Zoback, 2007).
Whatever the mechanism involved in compaction, this produces a considerable irreversible
porosity loss in the rock, which is referred as pore collapse, and as it was introduced in
the section 2.2, it will be associated with an irreversible stress-dependent permeability loss
in the reservoir. Compaction also helps to drain the oil from the reservoir, because as the
rock collapses, the oil is expelled from the reservoir holding up the pore pressure, like an
squeezing mechanism, this phenomena is referred as compaction drive. Compaction has also
been observed to be critical involved in the oil production from highly porous weak reservoir
rocks, such as the chalks reservoirs; moreover, compaction is also associated with surface
subsidence (Ruddy et al., 1989).
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The variable that controls the volumetric yielding stress is the mean effective stress p′; the-
refore, the volumetric yielding always begins when the current mean effective stress exceeds
the maximum past mean effective stress p′c, which is referred as the pre-consolidation stress,
which clearly indicates hardening. Volumetric yielding is modeled with an additional yiel-
ding surface which is combined with the shear yielding surface to form the so called double
hardening models. If the simplest scenario is assumed, the shear yielding is modeled by an
inclined lined (Ys) and the volumetric yielding is modeled by a vertical line (Yv), like that:
Ys = Mp
′ − d = 0 (2-30)
Yv = p
′ − p′c (2-31)
The coupling of the above yield functions form tree zones (figure 2-7a): zone I - shear yiel-
ding, zone II volumetric yielding, and zone II mixed yielding. However the volumetric yield
surface in the double hardening model is often curved to avoid numerical difficulties associa-
ted with the corners. For this reason this type of models are also called cap models, because
the volumetric yield surface can be visualized as a cap put over the shear yield surface (figure
2-7b). Cap models has the disadvantage of required two different equation yield functions,
which some times are complex and involve additional surfaces in order to provide a smooth
transition between the cap and the shear surface, leading to complicate multi-component
yield surfaces.
(a) (b)
Figure 2-7.: Schematic of a cap model in the p’-q space (a) and the principal effective stress
space (b) (modified from Puzrin (2012)).
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Cap models are able to model the dilation during softening and the contraction during har-
dening, but they cannot simulate the shear plastic straining at constant stresses typical of
failure, which is known as the critical state; moreover, the prediction of cap models during
softening are not accurate (Puzrin, 2012); for this reason, critical state models, which use
simple yield surfaces such as the original and modified Cam-Clay model, are introduced in
order to overcome the above limitations.
The elastoplastic model that will be implemented in this thesis is the modified Cam-Clay
model (MCC) which, in contrast to the original Cam-Clay model, ensures zero shear plastic
strains during isotropic consolidation tests (because of the elliptical shape of its yield surface)
and allows the generation of shear strains in the elastic region. Moreover, despite it uses
an associative flow rule, the plastic strain vector is not normal to the failure surface; it
is always normal the yield surface (figure 2-8). The advantage of the modified Cam-Clay
model is that it can model dilation or compaction with only one yield surface (equation 2-32),
and according to its hardening rule (see appendix D) its yield surface expands to simulate
hardening or contracts to simulate softening.













Figure 2-8.: Schematic of the modified Cam-Clay model. Inside the yield surface the rock
has an elastic behavior and once the stress path touches the yield surface
begin the elastoplastic behavior. As it can be seen the plastic strain vector
is not normal to the failure surface (the line with slope Mc). To the right of
the point where the yield surface intersects the failure surface the rock has a
contracting behavior and the yield surface expands to simulate hardening, and
to the left of that point the rock has a dilating behavior and the yield surface
shrinks to simulate softening.
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It is important for the reader to understand that contrary as the name of the modified
Cam-Clay model may suggest, the constitutive model is not exclusive developed for clays
(see Budhu (2008)). This constitutive model has proven to be a powerful tool to get insights
into the constitute behavior of non-cohesive granular materials. In reservoir geomechanics
applications the MCC is often used to model the compaction and pore collapse during oil
production (e.g. Chan and Zoback (2002)). Moreover, the reader may read the work of Schut-
jens et al. (2004) where a compilation of rock strength data for a wide variety of sandstones
confirms the general behavior predicted by the MCC during shear enhanced compaction. In
this investigation the MCC is implement as a simple theoretical framework and preliminary
way to unite the volumetric yielding (compaction) and shear yielding behavior of the rock.
2.3.2. Other constitutive behaviors
Other important constitutive behavior that may modify the stress-dependent permeability
is for example the degradation of the rock and the generation of irreversible strains during
loading and unloading cycles. Loading and unloading cycles are presented in the reservoir
for example during alternating cycles of injection (reduction of the effective stresses) and
production (increasing of the effective stresses) or cycles of heating (increasing of the total
stresses) and cooling (reduction of the total stresses) of the rock. This type of constitutive
behavior is often simulated with nested yield surfaces and bounding surface models.
Other constitutive behavior which may irreversibly modify the stress-dependent permeability
is the effect of the rate of loading/unloading on rock straining and the time dependency of
strain, which is also known as creep. This phenomena is commonly simulated using viscous-
elastic and viscous-plastic rheological models.
2.4. Stress path
In the previous subsection we have seen that the response of the rock to a stress change is
governed by its constitutive behavior, and depending on the direction of the stress change
the response of the rock may vary considerably, which results in the potential of affecting the
rock’s stress-dependent permeability in different ways. During the operations of production
and injection of fluids in the formation, the variations of pressure and temperature can cause
the reservoir rock to undergo very different time-dependent stress changes along the space.
The tracing of the history of these stress changes is called stress path, and it is essential
in order to evaluate the modification of the rock’s stress-dependent permeability associated
with a particular process.
In the study of the stress path, it is common to represent a three-dimensional system of
principal effective stresses by a two-dimensional system (figure 2-9), using stress invariants;
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p′ that provides a measure of the mean effective stress and is related to rock’s volumetric
straining, and q that provides a measure of the deviatoric or shear stress stress and is related













(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2
]1/2
(2-34)
Figure 2-9.: The stress invariants p′ and q are used to represent a three-dimensional stress
space (left) by a two-dimensional system (right).
In this investigation, the resultant stress path for a THM process is a combination of a pore
pressure component and a thermal component (see figure 1-1), which determines the final
response of the stress-dependent permeability. For example, for a poorly cemented rock, the
figure 2-10 shows that an unloading stress path number 1 is related to a dilation of the
rock and an irreversible increase in the stress-dependent permeability, whereas the loading
stress path number 3 is related to compaction of the rock and an irreversible reduction of
the stress-dependent permeability (Chalaturnyk and Li, 2004; Elyes Yaich, 2008).
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Figure 2-10.: The stress path determines the behavior of the stress-dependent permeability,
unloading stress path number 1 is related to a dilation of there rock and an
irreversible increase in the stress-dependent permeability, whereas the loading
stress path number 3 is related to compaction of the rock and an irreversible
reduction of the stress-dependent permeability.
2.5. Pressure and temperature propagation mechanisms
within the reservoir
If physico-chemical phenomena is ignored, the variations of pressure and temperature are
the principal factors for temporal and spacial effective stress changes in the reservoir rock.
For this reason it is very important to understand the propagation mechanisms of pressure
and temperature in the reservoir in order to evaluate the alteration of the stress-depending
permeability during a particular THM process. The mechanism for pressure propagation in
the reservoir is diffusion, which is controlled mainly by the permeability of the formation,
the viscosity of the fluid, and the drawdown which is the pressure difference between the
well and the reservoir. Three flow regimes can be distinguished depending on the flow ti-
me and size of the reservoir, those flow regimes are transient flow, pseudosteady-state flow,
and steady-state flow. The equation governing the pressure propagation in the reservoir is
presented in the section 3.2. The propagation of the thermal front in the reservoir depends
on the hydraulic and thermal diffusivity of the rock. Heat transport in the porous medium
is mainly due to conduction and advection; advective heat flow predominates in rocks with
high permeability, whereas conductive heat flow predominates in rocks with very low per-
meability (Hojka and Dusseault, 1992; Hou and Luo, 2011). It is very important to properly
model the heat transport mechanism in the reservoir because the temperature profiles differs
considerably between conduction and advection (figure 2-11), which results in completely
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different thermally induced stress alterations. Similar to pressure, the heat flow also involves
the transient, pseudosteady-state, and steady-state flow regimes. In this thesis, the energy
equation is not resolved; for this reason, the temperature profile is an input required to
consider the effect of temperature on the stress-dependent permeability.
(a) (b)
Figure 2-11.: Schematic representation of difference between one dimensional heat propa-
gation dominated by conduction (a) and dominated by advection (b), where
Twf = wellbore temperature, Tres = reservoir temperature, r = radial distance
from the wellbore, and t is the time.
3. Development of the THM simulator
This chapter summarizes the components of the proposed THM simulator; it is divided in five
sections, the physical model, the mathematical model, the numerical model, the computer
model, and the validation of the THM simulator.
3.1. Physical model
The physical model is the first step in the task of developing the THM simulator, it is the
simplification of the real world in order to express it in terms of appropriate mathematical
equations. The assumptions made in the physical model are grouped in three areas: the
simulation geometry, the fluids behavior, and the rock behavior; which are enumerated as
follows:
Figure 3-1.: Schematic of the simulation geometry, where σv = regional vertical stress, σH =
regional maximum horizontal stress, and σh = regional minimum horizontal
stress.
3.1.1. Simulation geometry
The simulator is a single well model, that is, it focuses in a region around the wellbore
(figure 3-1). Depending on the boundary conditions assigned to the simulation region,
it may represent a zone inside the reservoir, the whole reservoir, or a zone with layers
of different rocks.
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The wellbore is assumed to be vertical.
The geometry of the simulation region is a cylinder, for this reason, the region is
discretized using a cylindrical grid and the mathematical equations are developed using
the cylindrical coordinates system.
3.1.2. Fluid behavior
It is assumed that the reservoir rock is fully saturated with just one fluid, that is, there
is only single phase flow.
The fluid is an slightly compressible which obeys the Darcy’s law.
The fluid properties such viscosity and density can vary spatially and temporally de-
pending on the variation of pressure and temperature in the simulation region.
3.1.3. Rock behavior
The rock is assumed to be isotropic and homogeneous.
It is supposed that the rock is an uncemented or poorly cemented sandstone in order to
use the experimental data of Arias (2015), and for this reason, its constitutive behavior
is modeled using the Cam-Clay model.
The petrophysical and strength properties of the rock can vary spatially and temporally
depending on the variation of the effective stress.
3.2. Mathematical model
This section summarizes the governing equation used for the development of the of the THM
simulator, the details can be found in each cited appendices.
3.2.1. Fluid flow model
The integration of the mass balance equations with the Darcy law, the consideration of the
effect of temperature on the fluid-rock system, and the assumption that the rocks has an






























36 3 Development of the THM simulator
The equation 3-1 and the porosity equation 2-7 constitute the THM fluid flow model.
3.2.2. Geomechanics model
The integration of the momentum equilibrium equations with the strain-displacement and
Hooke’s law equations, and the assumption that the rocks has an elastoplastic behavior leads
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3.2.3. Elastoplasticity model
As it can be noted, the plastic strains are presented in the fluid flow model as well in the
geomechanics model, for that reason, this section presents the methodology to estimate these
plastic strains. As it was introduced in the chapter 2, the calculation of the plastic strains re-
quires the definition of a yield surface, for simplicity and generality, in this investigation the
modified Cam-Clay yield surface (Roscoe and Burland, 1968) is chosen, which is formulated
with the framework of the theory of plasticity in the appendix D. One important feature the
modified Cam-Clay model is that it differentiates if the stress path induces dilation or com-
paction in the rock, which has a considerable influence in the stress-dependent permeability
calculation (see figure 2-6). However, the modified Cam-Clay model assumes that the rock
is non-cemented or which has zero cohesion, this is because the modified Cam-Clay model
was developed for soils. As it was explained in the methodology section (1.5), this apparent
drawback is favorable for the development of this thesis, because it narrows the scope of
the analysis, and also, according to experimental data performed by the group of applied
geomechanics - GIGA (Arias, 2015), it is in agreement with the characteristics of some heavy
oil reservoirs in Colombia.
The yield function for the modified Cam-Clay model is an ellipse, which is given by the
following equation














In this case the hardening parameter is the plastic volumetric strain εpv, p
′
c is the preconso-






Once the stress path touches the yield surface, it shrinks to simulate softening or expands










Where p′c0 = initial preconsolidation stress, e0 = initial void ratio, λc = slope of the normal
consolidation line in the e-ln p′ space, and κc = slope of the unloading/reloading line in the
e-ln p′ space. The void ratio (e) is defined as the void volume (Vv) divided the solid volume
(Vs) of the rock. The parameters λc and κc are recompiled in the work of Morales (2017),
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who analyses the experimental results performed on a sample which represents the charac-
teristics of a heavy oil reservoir in Colombia (Arias, 2015), and are presented in the table 3-1.
Table 3-1.: Parameters for the modified Cam-Clay (from Morales (2017)).
T(◦C) λc κc φ (
◦)
50 0.0146 0.0008 33.83
120 0.0201 0.00008 34.19
180 0.0171 0.0045 33.77
230 0.033 0.0003 35.10
The plastic strains are calculated with the flow rule of the Cam-Clay model, which is asso-












Where H is the hardening modulus and it is detailed in the appendix D. The elastoplasticity
model provides an expression (equation 3-10) to calculate the stress change including the








Where Cepijkl is the elastoplastic matrix and C
Tp
ij is a matrix that results from including the
thermal effect in the Hook’s law, both are detailed in the appendix D.
3.3. Numerical model
In this investigation the finite difference method (FDM) is implemented for discretizing the
mathematical model, the discretized equations are summarized in the following, the details
can be found in each of the cited appendices.
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3.3.1. Finite difference formulation
Finite difference formulation for the fluid flow model
The fluid flow equation (3-1) is discretized using the finite difference method in the appendix














k−1 = Fijk (3-11)
Finite difference formulation for geomechanics model
The stress equilibrium equations (from 3-2 to 3-4) are discretized using the finite difference
















































k−1 = Fzijk (3-14)
3.3.2. Initial and boundary conditions
The system of equations from 3-11 to 3-14 has four unknown variables, which are the pressure
change (∆p) and the change of displacements in the three coordinate directions (∆Ur, ∆Uθ,
∆Uz); in order to find an unique solution it is needed the definition of a set of initial and
boundary conditions. The initial conditions are calculated in a pre-processor module at the
beginning of the simulation, on the other side, two type of boundary conditions can be used
in the model, which are Dirichlet and Neumann. The definition of the boundary conditions
for the fluid flow model and the geomechanics model are detailed in the appendix E and the
appendix F, respectively.
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3.4. Computer model
The discretized system of equations from 3-11 to 3-14 and its boundary conditions are
resolved using a computer code developed in this thesis, written in FORTRAN language.
The code solves the system of equation in a fully coupled mode, that is, the equations
are solved simultaneously for each time step, the calculation sequence is explained in the
following subsection.
3.4.1. Program flow chart
The figure 3-2 is a flow chart showing the calculation sequence of the developed THM si-
mulator. The THM coupling is done by assuming a temperature field, that is, the energy
equation is not solved and it is required the user to introduce a temperature profile as an
input. With the information of the temperature distribution in the reservoir, which may vary
with the distance from the wellbore and the time of thermal exposure. The thermal effect
on the fields of pressure and stress is calculated as follows: first the change of pressure (∆p)
is calculated supposing a value for the change of radial, tangential and axial displacements
(∆Ur, ∆Uθ, ∆Uz), and the known change of temperature (∆T ). Then, the change of radial
displacement (∆Ur) is computed with the calculated change of pressure (∆p), the known
change of temperature (∆T ) and supposing a value for the tangential and axial displace-
ments (∆Uθ, ∆Uz). Then, the change of tangential displacement (∆Uθ) is computed with
the calculated change of pressure (∆p), the calculated change of axial displacement (∆Ur),
the known change of temperature (∆T ) and supposing a value for axial displacement (∆Uz).
Finally, the change of axial displacement (∆Uz) is computed using the calculated change of
pressure (∆p), the calculated change of axial and tangential displacements (∆Ur, ∆Uθ) and
the known change of temperature (∆T ). As shown in the figure 3-2 the process is repea-
ted until reaching convergence. Then the stress tensor is computed and if the stress state
is outside the failure surface the plastic corrector (deij) and plastic strains are calculated.
Again the whole process is repeated until the stress tensor reaches convergence. When the
above procedure is done the variables ∆Ur, ∆Uθ, ∆Uz, ∆p and ∆T are determined, and
finally, the process is repeated for every simulation time until reaching the end of simulation.
3.4 Computer model 41
Figure 3-2.: Calculation sequence of the simulator.
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3.5. Validation
The validation of the simulator developed in this thesis was performed by steps, the details
are presented in the appendix G. The fluid flow was validated with the the Van Everdingen-
Hurst solution, the stress field was validated with the Kirsch solution, and the coupled THM
behavior was validated with the model proposed by Li (1998). The elastoplasticity model
was not validated, however, its performance was verified with the theoretical behavior of the
modified Cam-Clay model.
Generally, the simulator had a good performance through all the validation steps. The results
in the validation section prove that the simulator has the sufficient reliability to address the
main objective of this investigation. However, there is still some error in the calculations
that demand an analysis in order to correct possible bugs in the code, which is a common
task in software development.
4. Results
This section presents the analysis of the effect of temperature on the geomechanical damage.
As it was mentioned in the introduction (chapter 1), the analysis will be focused on the
thermal alteration of the productivity of an UCSS heavy oil reservoir. That alteration of the
reservoir’s productivity, in this investigation, is related to changes in the oil’s viscosity and
the rock’s stress-dependent permeability.
4.1. Stress-dependent permeability changes during
production
To start this analysis, the classical reservoir evaluation case is considered first. In this case,
the effect of geomechanics in the reservoir is ignored. It is assumed a heavy oil reservoir with
the characteristics presented in the table 4-1. The data presented in the table was chosen to
match the main characteristics of the Colombian heavily reservoirs observed in the field and
the laboratory (Castro et al., 2010; Bustos et al., 2014; Arias, 2015; Morales, 2017), which
are the high porosity, high permeability, low cohesion, low Young’s modulus, and the high
viscosity of the oil. The simulation geometry is assumed to be a section of an infinite reservoir
(figure 3-1), for this reason, the pressure on the external radius of the simulation section is
kept constant. If a reservoir with the characteristics presented in the table 4-1 is drained with
a bottom hole pressure of 1500 psi during 500 days, results the production curve presented
in the figure 4-1a, note that the oil flow rate stabilizes to a value of 18 Bbl/day after one day
of production. The accumulated production curve (figure 4-1b) shows that after 500 days
the accumulated production is 9000 Bbl, which is not an amount economically attractive.
The main reason for this low productivity is the poor mobility of the heavy oil caused by
its high viscosity (1000 cP), which proves the need for thermal stimulation to improve the
productivity.
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Table 4-1.: Reservoir characteristics.
Rock Initial conditions
Porosity 0.3 Temperature [◦F] 120
Permeability [mD] 1000 Pressure [psi] 3000
Bulk thermal expansion coeff. [1/◦F] 6.30E-5 Vertical stress [psi] 5000
Solid thermal expansion coeff. [1/◦F] 3.50E-5 Maximum horizontal stress [psi] 4750
Poisson’s ratio 0.40 Minimum horizontal stress [psi] 4750
Young’s modulus [psi] 300000 Geometry
Solid compressibility [1/psi] 1.0E-8 Wellbore radius [ft] 0.35
Cohesion [psi] 0 External radius [ft] 100
Internal friction angle [◦] 30 Thickness [ft] 10
Pore fluid Depth [ft] 5000
Fluid thermal expansion coeff. [1/◦F] 2.62E-4
Fluid compressibility [1/psi] 8.70E-5
Density [Lbm/ft3] 62.4
Viscosity [cP] 1000
The sharply decrease of heavy oil’s viscosity with increasing temperature (figure 4-2) is the
magic to improve productivity. For example, if the heavy oil’s viscosity decreases from 1000
cP to 10 cP when the temperature is raised from 120◦F to 600◦F, the oil production rate is
significant improved as it is shown in the figure 4-3a; note that after the thermal treatment,
the oil flow rate stabilizes to a value of 1800 Bbl/day and the accumulated production after
500 days is 900000 Bbl, which is 100 times higher than the case of production without
thermal stimulation.
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(a) (b)
Figure 4-1.: Productivity for cold production: (a) oil production, (b) accumulated produc-
tion.
Figure 4-2.: Viscosity–temperature relationships for major viscous oil deposits in Canada
and Venezuela (from Shafiei and Dusseault (2013)).
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(a) (b)
Figure 4-3.: Productivity after thermal stimulation. (a) Oil production with thermal sti-
mulation - Q2 and without it - Q1, (b) accumulated production with thermal
stimulation - NP2 and without it - NP1.
The classical analysis (without including geomechanics) of thermal stimulation leads to the
conclusion that the improvement of productivity is proportional to the viscosity reduction.
Now, the above analysis is repeated but including the effect of geomechanics and assuming
that the constitutive behavior of rock is elastic. The effect of geomechanics is, in this case, the
increase of the effective stress that the rock experiences due to the pore pressure reduction
during the oil production. Temperature does not play a role yet, because it is kept constant
to the value of 600◦F (the temperature after the thermal stimulation). The figure 4-4a
shows that for the current simulation case the inclusion of the geomechanics produces an
insignificant increase in the flow rate with respect to the case without geomechanics, and
after 500 days of production the accumulated oil production is not altered (figure 4-4b).
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(a) (b)
Figure 4-4.: Productivity including geomechanics. (a) Oil production without thermal si-
mulation - Q1, with thermal stimulation - Q2, and including geomechanics
- Q3, (b) accumulated production without thermal stimulation - NP1, with
thermal stimulation NP2, and including geomechanics NP3.
However, as it was introduced in the subsection 2.2, the stress-dependent permeability is
a function of temperature, pressure and the stress-state in the rock (see equations 2-1 and
2-2). For this reason, the figure 4-5 shows that the stress-dependent permeability varies with
distance and time in the reservoir during oil production. It can be noted that at the end of the
production time (500 days) the stress-dependent permeability near the wellbore decreases
from 1000 mD to 982 mD, whereas, far from the wellbore the permeability keeps its original
value. This permeability reduction is explained by an increase in the effective stress that
the rock experiences, which is caused by a reduction of the pore pressure as the reservoir is
drained. At the same time, the reduction of the pore space causes the oil to be expelled or
squeezed from the rock, which explains the small increase in productivity observed in the
figure 4-4a.
48 4 Results
Figure 4-5.: Permeability profiles during oil production.
In the subsection 2.3, it was introduced that the stress state may induce an irreversible
stress-dependent permeability modification in the reservoir rock, which is considered in this
thesis through the modified Cam-Clay model (see subsections 2.2 and 3.2). The parameters
for the modified Cam-Clay model are presented in the table 4-2, which were extracted
from laboratory data (Arias, 2015). As it can be noted, the simulation starts with a initial
preconsolidation pressure p′c = 4000 psi (table 4-2), and as it also can be noted in the in the
table, the initial mean effective stress of the rock is p′ = (Sv+SHmax+Shmin)/3−p = 1888 psi,
which means that the rock has a lightly over-consolidated (OC) state at initial conditions.





In this order of ideas, including the elastoplastic behavior of the rock means that the variation
of stress-dependent permeability produces an irreversible component, the plastic volumetric
strain dεpv (see equations 2-1 and 2-7), and its value is calculated depending on how the stress
path interacts with the yield surface (see figures 2-8 and 2-9). When the rock’s constitutive
behavior is assumed elastic during the production time, the stress path near the wellbore
tend to be outside the initial yield function (figure 4-6). Therefore, when the elastoplastic
behavior is considered, the stress path that is outside the yield function must be corrected
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using the elastoplastic model and the plastic strains must be calculated. For this reason, as it
can be observed in the figure 4-6, for a radius of 0.36 ft the behavior will be dilatant and the
stress-dependent permeability increases irreversibly during the production time; for a radius
of 0.48 ft the behavior will be contractant and the stress-dependent permeability decreases
irreversibly during the production time; whereas, for the radius of 0.81 ft and 4.16 ft the
behavior will be elastic and the stress-permeability decrease reversibly during the production
time. The response of the stress-dependent permeability including the elastoplastic behavior
is presented in the figure 4-7.
Figure 4-6.: Stress path during oil production without plastic correction, note that the yield
function is drawn here as a reference and does not interact with the stress path.
The figure 4-7 clearly shows the effect of the stress path on the stress-dependent permeability,
according with the stress path behavior observed when the rock’s constitutive behavior
is assumed elastic (figure 4-6), there is a zone near the face of the wellbore where the
rock experiences dilatation and the stress-dependent permeability increases irreversibly, and
there is a zone where after 0.4 ft where the rock experiences compaction and the stress-
dependent permeability decreases irreversibly, far away from the wellbore the permeability
keeps its original value. The figure 4-8a shows the significant difference between the predicted
stress-dependent permeability after 500 days of production assuming elastic and elastoplastic
behavior. Moreover, if the pore pressure in the reservoir is restored to its original value, the
elastic permeability profile returns to it original value, whereas, the elastoplastic permeability
profile can not come back to its original value, and as it can be observed in the figure 4-8b,
the rock experiences more dilation during the pressure restoration.
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(a) (b)
Figure 4-7.: Response of the stress-dependent permeability considering the elastoplastic
behavior of the rock. (a) The curves are presented along the whole simulated
radius, (b) the curves are zoomed up over a radius of 2 ft.
(a) (b)
Figure 4-8.: Comparison of the stress-dependent permeability profile for elastic and elasto-
plastic constitutive behavior: (a) after 500 days of production, (b) after resto-
ring the pore pressure to its original value.
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Even thought the figures 4-8 and 4-7 show an interesting difference between the stress-
dependent permeability profiles for elastic and elastoplastic constitutive behaviors, these
differences have little effect on the productivity of the reservoir for the current simulation
case (figure 4-9).
(a) (b)
Figure 4-9.: Productivity including elastoplastic behavior. (a) Oil production without in-
cluding geomechanics - Q2, including elastic behavior - Q3, and including elas-
toplastic behavior - Q3; (b) accumulated production without including geo-
mechanics - NP2, including elastic behavior - NP3, and including elastoplastic
behavior - NP3.
4.2. Stress-dependent permeability changes during a
production-injection cycle
The next step is to evaluate the effect of a production-injection cycle in the reservoir. The
cycle is divided in three phases: the first phase is production, where the reservoir is drained
during 500 days; the second phase is injection, where the reservoir is stimulated by injecting
a fluid during 10 days; and the third phase is production, where the reservoir is drained
again during 365 days. The change of the stress-dependent permeability is evaluated during
all the phases of the cycle and the productivity of the reservoir is compared before and after
the stimulation phase. In order to focus the analysis to the effect of the stress-dependent
permeability in the productivity, the viscosity is assumed to keep a constant value of 10
cP during the whole cycle. In this way all the changes in the reservoir productivity will be
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related exclusively to the alteration of the stress-dependent permeability.
4.2.1. Isothermal conditions and elastic rock behavior
First the cycle is assumed isothermal, the reservoir rock elastic, and the horizontal stress field
isotropic. The characteristics of reservoir are those presented in the table 4-1, the injection
phase is performed with a bottom hole pressure 4000 psi and the production phases are
performed with bottom hole pressure of 1500 psi. As it was introduced before (see figure
4-6), the stress path in the reservoir varies with distance and time, for this case the figure
4-10 shows the changes in the stress path during all the phases of the cycle. Note that the
yield surface is also presented in the figure 4-10 in order to identify the radii where the stress
path will generate irreversibility when the elastoplastic behavior is considered. All the stress
paths begin in one point (point 1), that is, the initial stress state before the wellbore was
drilled. Then, there is a change in the stress path related with the creation of the wellbore,
the point 2. The production phase causes the stress path to move to the rightmost part
of the figure 4-10, for a radius of 0.36 ft correspond to the point 3. The injection phase
causes the stress path to move to the leftmost part of the graph, the point 4. Finally, the
last production phase drives the stress path again to the point 3.
Figure 4-10.: Stress path during a production-injection cycle assuming elastic constitutive
behavior under isothermal conditions.
The injection phase is where the stimulation of the reservoir rock takes place, however, it
is only promoted by a change in the pore pressure because the temperature of the reservoir
is kept constant and equal to its initial value in this simulation case (see figure 4-11). The
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pressure profile during the injection phase has the behavior shown in the figure 4-12, note
that pressure reaches quickly the stable-state due to the high permeability of the reservoir.
The above conditions for temperature and pressure cause the mean effective stress to be
completely influenced by the pore pressure profile (see figure 4-13).
Figure 4-11.: Geo-temperature profile for the isothermal case.
Figure 4-12.: Pressure profile for 2, 4, 6, 8, and 10 days of injection under isothermal
conditions.
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Figure 4-13.: Mean effective stress profile for 2, 4, 6, 8, and 10 days of injection under
isothermal conditions.
As it is expected, the variation of the stress-dependent permeability during the injection
phase is completely influenced by the pressure profiles (see figure 4-14).
Figure 4-14.: Stress-dependent permeability profile for 2, 4, 6, 8, and 10 days of injection
under isothermal conditions.
The variation of the stress-dependent permeability during the whole cycle is presented in the
figure 4-15, the permeability profiles correspond to the time at which the reservoir reaches
the stable-state during production or injection. In general, the pore pressure controls the
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stress-dependent permeability variations, during injection the permeability increases and
during production it reduces.
Figure 4-15.: Permeability variation during a production-injection cycle under isothermal
conditions and elastic rock behavior.
(a) (b)
Figure 4-16.: Productivity change during a production-injection cycle under isothermal
conditions and elastic rock behavior. (a) Oil production rate before injection
- Q1 and after injection - Q2, (b) accumulated production before injection -
NP1 and after injection - NP2.
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Since the rock behavior is elastic, the productivity before and after injection is the same as
shown in the figure 4-16.
4.2.2. Non-isothermal conditions and elastic rock behavior
This simulation case considers the temperature change in the reservoir during the above
cycle. The bottom hole temperature during injection is kept constant and equal to 600 ◦
F. For simplicity, the temperature front is assumed to be propagated with the fluid front,
which is calculated assuming piston-like displacement. The temperature profiles during the
injection phase are presented in the figure 4-17.
Figure 4-17.: Temperature profile for 2, 4, 6, 8, and 10 days of fluid injection.
The stress path during the whole non-isothermal cycle is shown in the figure 4-18, again the
yield surface is drawn as a reference to identify the radii that will experience yielding when the
elastoplastic behavior is considered. As it can be observed, the inclusion of the temperature
variation in this analysis makes the behavior of the stress path more complex (compare with
the figure 4-10). Similar to the figure 4-10, the point 1 corresponds to the virgin stress-state
before the wellbore was drilled; the point 2 corresponds to the creation of the wellbore; and
the point 3 corresponds to the production phase. The increasing pressure during injection
drives the stress path to the point 4, in this point the heating and pressurization make the
stress path to move to the point 5. Once the rock reaches the temperature of 600 ◦F (the
bottom hole temperature), the injection continues under isothermal conditions and the stress
path goes to the point 6 with a behavior that is similar to that shown in the figure 4-10.
Once the injection phase is completed the second production phase starts and the stress
path moves from point 6 to point 7, when the temperature decreases to its original value the
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stress path finally gets to the point 8.
Figure 4-18.: Stress path during a production-injection cycle assuming elastic constitutive
behavior under non-isothermal conditions.
Figure 4-19.: Pressure profile for 2, 4, 6, 8, and 10 days of injection under non-isothermal
conditions.
In this simulation case the stimulation of the reservoir during the injection phase is promoted
by changes in the pore pressure and the temperature of the rock. The pressure profile in the
injection phase is presented in the figure 4-19, note that the behavior is similar to the
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isothermal case (see figure 4-12). The behavior of the mean effective stress during injection
is shown in the figure 4-20. In this case the mean effect stress is strongly influenced by the
temperature profile (compare with the figure 4-13).
Figure 4-20.: Mean effective stress profile for 2, 4, 6, 8, and 10 days of injection under
non-isothermal condition.
Figure 4-21.: Stress-dependent permeability profile for 2, 4, 6, 8, and 10 days of injection
under non-isothermal conditions.
As it can be observed in the figure 4-21, the variation of the stress-dependent permeability
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during injection has an strong dependency on the temperature profile. In fact, there is an
stress-dependent permeability enhancement due to thermal expansion of the rock compared
with the isothermal case (figure 4-22). Since the elastoplastic behavior is not considered yet,
this thermal stimulation of the rock is reversible, that is, it can be reversed if the temperature
of the rock is lowered to its initial value.
(a) (b)
Figure 4-22.: Comparison of the stress-dependent permeability during the injection phase
under isothermal conditions (a) and under non-isothermal conditions (b).
The variation of the stress-dependent permeability during the whole cycle is presented in
the figure 4-23, again the permeability profiles correspond to the time at which the reser-
voir reaches the stable-state during production or injection. Note that the stress-dependent
permeability during injection is bigger for non-isothermal conditions than for isothermal con-
ditions (figure 4-15). The reason is the thermal expansion of the rock for the non-isothermal
case, since the boundary conditions of constant stress allow the rock to expand freely.
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Figure 4-23.: Permeability variation during a production-injection cycle under non-
isothermal conditions and elastic rock behavior.
(a) (b)
Figure 4-24.: Productivity change during a production-injection cycle under non-isothermal
conditions and elastic rock behavior. (a) Oil production rate before injection
- Q1 and after injection - Q2, (b) accumulated production before injection -
NP1 and after injection - NP2.
The figure 4-24 shows that the productivity before and after the injection is the same; this
is due to the elastic behavior of the rock. Also note that there is a time interval of ten days
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where flow rate after the injection (Q2) is lower than the flow rate before injection (Q1).
The ten days coincide with the the injection time interval, for this reason, this is the time
that the thermal front requires to came out the reservoir; then, when the temperature front
leaves the reservoir, the flow rate Q2 equals the flow rate Q1.
4.2.3. Non-isothermal conditions and elastoplastic rock behavior
The figure 4-25 shows the stress path variations during the whole cycle, it includes the
elastoplastic behavior in the previous simulation case. As it can be observed, the elastoplastic
behavior gets the stress path a little more complex. Note that, different from the previous
cases, the yield surface is not drawn here only as a reference, but it can interact with the
stress path to consider elastoplasticity. The points 1 and 2 in the figure 4-25 coincide with
the same points of the figure 4-18, but here the point 3 (first production phase) expands
the yield function, generating irreversible strains. The stress path during the injection phase
(points 4, 5, and 6) follows the same trajectory in the figures 4-18 and 4-25, because for the
selected radius of 0.7 ft, these points always stay inside the elastic region for both simulation
cases. The final production phase drives the stress path to the point 8, expanding the yield
function again and generating plasticity (trajectory from point 7 to point 8). Finally, when
the temperature of the reservoir comes back to 120 ◦F (initial conditions), the stress path
gets to the point 9.
Figure 4-25.: Stress path during a production-injection cycle assuming elastoplastic cons-
titutive behavior under non-isothermal conditions.
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(a) (b)
Figure 4-26.: Comparison of the stress-dependent permeability for the elastic and the elas-
toplastic case at 10 days of injection: (a) under isothermal conditions and (b)
under non-isothermal conditions.
(a) (b)
Figure 4-27.: Near the wellbore zooming of the comparison of the stress-dependent per-
meability for the elastic and the elastoplastic case at 10 days of injection: (a)
under isothermal conditions and (b) under non-isothermal conditions.
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When the elastoplastic behavior of the rock is accounted, during the injection phase the stress
dependent permeability is not only stimulated due to the reversible phenomena of thermal
expansion, but also, it is enhanced by an irreversible shear dilation; which produces an
additional stress-dependent permeability increment near the wellbore figures 4-26 and 4-27.
Up to this point, two processes are related to the stress-dependent permeability enhancement
during the injection phase under non-isothermal conditions, the firs one is a reversible thermal
expansion and the second one is an irreversible shear dilation.
(a) (b)
Figure 4-28.: Permeability variation during a production-injection cycle under non-
isothermal conditions and elastoplastic rock behavior. (a) For the entire ra-
dius, (b) near the wellbore.
The figure 4-28 shows the behavior of the stress-dependent permeability during each phase
of the non-isothermal cycle. According to figure 4-28, shear dilation irreversibly improves
the stress-dependent permeability by the end of the cycle. Moreover, the thermal stimulation
of the rock generates more shear dilation compared with the isothermal case (figure 4-29).
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(a) (b)
Figure 4-29.: Permeability variation during a production-injection cycle under isothermal
conditions and elastoplastic rock behavior. (a) For the entire radius, (b) near
the wellbore.
(a) (b)
Figure 4-30.: Productivity change during a production-injection cycle under non-isothermal
conditions and elastoplastic rock behavior. (a) Oil production rate before
injection - Q1 and after injection - Q2, (b) accumulated production before
injection - NP1 and after injection - NP2.
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The enhancement of the stress-dependent permeability by the end of the cycle causes an
increase in the final oil production rate for the non-isothermal case (figure 4-30a), whereas
for the isothermal case the final oil production rate is not altered (figure 4-31a). However,
for both cases the accumulated oil production does not experience any significant change
(figures 4-30b and 4-31b).
(a) (b)
Figure 4-31.: Productivity change during a production-injection cycle under isothermal
conditions and elastoplastic rock behavior. (a) Oil production rate before
injection - Q1 and after injection - Q2, (b) accumulated production before
injection - NP1 and after injection - NP2.
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4.3. Discussion of the results
In the results presented in the above section two scenarios were considered, the first one co-
rresponded to production and the second one corresponded to a production-injection cycle.
In the production scenario, the reduction of viscosity with increasing temperature impro-
ved significantly the productivity of the reservoir. The inclusion of geomechanics allowed
to calculate the stress-dependent permeability profile in the simulation region as a function
of time and distance. The introduction of the stress path analysis constituted a remarkable
tool for understating the variation of the stress-dependent permeability of the reservoir rock.
The consideration of the elastoplastic behavior of the rock allowed to identify an irreversible
permeability change at the end of the production time; in this case, it was a permeability
improvement due to the shear dilation of the rock. However, the final effect on the produc-
tivity was negligible.
In the second scenario, the production-injection cycle, the stress path analysis again pla-
yed an important role to understand the variation of the stress-dependent permeability. In
this scenario, two mechanisms for increasing the stress-dependent permeability during the
injection phase under non-isothermal conditions were identified. The first one, a reversible
thermal expansion, and the second one, an irreversible shear dilation of the rock near the
wellbore. Since the rock experiences more stress change in the non-isothermal case, the result
is that at the end of the cycle the rock ends up with more shear dilation compared with
the isothermal case; therefore, for the current study case, increasing the temperature of the
rock induces more irreversible stress-dependent permeability enhancement in the reservoir.
With respect to productivity, the non-isothermal case generated an small boost in the oil
flow rate, in the other hand the isothermal case did not have any effect; However, both cases
did not cause any significant change in the accumulated oil production.
The small effect of the stress-dependent permeability on the productivity of the reservoir
is attributed to the not consideration of boundary effects in the presented analysis, that is,
the pressure and temperature fronts never reached the boundary of the simulation geometry
during the simulations. The evidence of the boundary effects can be found in the field
cases reported by Beattie et al. (1991) and Chalaturnyk (1996), where the temperature
front reached the boundaries of the reservoir, which induced a significant shear dilation
of the reservoir rock and a considerable improvement of productivity. However, this study
evidenced the need for identifying the scenarios where thermal stimulation plays a role more
crucial in the modification of productivity of the reservoir.
5. Conclusion and recommendations
5.1. Conclusions
Three approaches to study the effect of temperature on the geomechanical damage were
identified in the literature review, which are the flow tests, the inclusion of temperature
on the stress path analysis, and the consideration of thermoplasticity. Each of them
contribute with different perspectives on the investigation of the effect of temperature
on the geomechanical damage.
A single-well simulator to evaluated the effect of temperature on the geomechanical
damage was developed, which was preliminary validated with analytical solutions ob-
taining good results.
It was found, from the study cases, that the stress dependent permeability during the
injection phase was higher for the non-isothermal case than for the isothermal case.
Two mechanisms influenced this behavior, the first one was a thermal expansion of the
rock, and the second one was an increment in the shear dilation promoted by the high
thermally induced stresses experienced by the rock during the non-isothermal injection
phase.
The modification of the stress-dependent permeability in the reservoir varied with dis-
tance and time. This means that it is possible to have zones with compaction (reduced
permeability) and zones with dilation (increased permeability) along the reservoir.
The consideration of the elastoplastic behavior of the rock allowed to identify an irre-
versible permeability increase at the end of the production-injection cycle associated
with the shear dilation of the reservoir rock. This shear dilation increased when the
temperature change during the injection phase was considered in the simulations.
It was also shown that the stress path that the rock experiences varied considerably
when the rock is subjected to thermal alteration. Moreover, the stress path analysis
constituted a remarkable tool for understating the variation of the stress-dependent
permeability of the reservoir.
Even though it was observed an important increase in the stress-dependent permeabi-
lity with increasing temperature, the productivity at the end of the injection-production
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cycle did not experience an important change. The reason for this result may be the not
consideration of boundary effects in the analysis, that is, the pressure and temperature
fronts never reached the boundary of the simulation geometry during the simulations.
5.2. Recommendations
The effect of temperature on the geomechanical damage may vary if the boundary
effects are considered, that is, when the pressure and temperature fronts reach the
boundary of the simulation geometry. It is recommended in this case to study the
effect to have Neumann or Dirichlet boundary conditions when the boundary effect
are considered.
The results presented in this investigation may vary considerable for different geome-
chanical properties. It is recommended to perform an study to find how the variation
of the geomechanical properties of the rock affect the results of this investigation.
The modification of the stress path is another important subject in this thesis, it is
critical to study how to vary the operational parameters during the all the phases of
the production-injection cycle in order to modify the stress path to obtain a better oil
productivity at the end of process.
It is recommended to validate the results of the elastoplasticity model since it was not
possible in this investigation.
In this investigation, the numerical implementation of the elastoplasticity model uses
the modified Euler integration method with error control proposed by (Sloan, 1987).
However, it was found that this method is not appropriated for the modified Cam-Clay
model because of its high non-linearity. It is recommended to find a better method to
implement the modified Cam-Clay model in the simulator.
In this investigation the modified Cam-Clay model was used for simplicity, however,
it is well know that it overestimates dilation. It is recommended to modify the elasto-
plasticity model in order to obtain more realistic values for rock dilation.
It was not possible to study the effect of the variation of the rock’s geomechanical
properties with temperature, neither, the effect of an anisotropic horizontal stress-
state. The reason was that the simulation did not finished due to the excessive plasticity
generation in these simulation cases, and also the bad performance of the method for
the numerical implementation of the modified Cam-Clay model. It is recommended to
perform this studies, which may generate more irreversible geomechanical damage in
the results.
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In this investigation, for simplicity, it was assumed that the rock has no cohesion; it is
recommended to study the influence of the rock cohesion in this investigation, and to
accomplish this task it is necessary to modified the elastoplasticity model in order to
consider the rock cohesion.
It is very important to repeat the investigation of this thesis considering a fractured
reservoir rock, because in this scenario the geomechanical damage will be more sensitive
to temperature changes.
It is also interesting to study the effect of thermoplasticity, which induces phenomena
such as the thermal compaction. This effect becomes important in rock with high
contents of clay or in shales.
A. Porosity variation during a THM
process














If it is assumed that Vp and Vb are state functions of p, σ̃, and T ; the total differentials can






















































The equation A-3 can be rewritten as
dVp
Vp
= cppdp− cpcdσ̃ + βpdT (A-4)
71
At this point, it is important to note that the definition of βp implies that a rise of tempera-
ture causes the pore volume to increase; that is, if a rock is heated, whether its pore volume
and itself experiences expansion (figure A-1).
(a) (b)
Figure A-1.: (a) When the rock is heated, it expands and also its pore volume. (b) If the
pore is viewed as a ring composed of rock particles, it is easy to tell that
the increasing temperature will make the particles to spread out, making the
pore larger; that is, the pores expand because they are made of the same rock
material.
Similar steps for developing equation A-4 can be followed to have and expression for the
bulk volume such that
dVb
Vb
= cbpdp− cbcdσ̃ + βbdT (A-5)



























Now, an expression for the thermo-elastic porosity change can be obtained by replacing
equations A-4 and A-5 in equation A-2 such that
dφ
φ
= (cpp − cbp)dp+ (cbc − cpc)dσ̃ + (βp − βb)dT (A-6)
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Using the following relations between the rock’s compressibility proposed by Zimmerman
et al. (1986)
cbc = cbp + cs (A-7)
cpc = cpp + cs (A-8)










cs − cbc(1− φ)
φ
)
(dσ − dp) + (βp − βb)dT (A-11)
In order to account for the elasto-plasticity, the porosity change in the equation A-11 must
have a term that is related to the plastic change of porosity. That is, the change of porosity
can be decomposed in an elastic part and a plastic part
dφ = dφe + dφp (A-12)
The term dφe comes from the equation A-11, however an expression for the term dφp can be
derived considering that the pore volume and the bulk volume both can be decomposed in











Where the term dV ep correspond to the equation A-4 and the term dV
e
b to the equation
A-5. In order to obtain expressions for dV pp and dV
p
b , first let’s assume that the plastic pore
volume is defined as the plastic bulk volume minus the plastic solid volume such that




















Note that the sign minus in the above definitions meas that a strain reduction is assumed
to be positive. Replacing the these definitions in equation A-15 results an expression for the




[dεpv − (1− φ)dεps] (A-16)
Depending in the rock’s constitutive behavior and the stress path it experiments, the plastic
strains εpv and ε
p
p will be controlled by phenomena such as grain slippage and rotation,
microfracturing, and changes in the grain’s shape (David et al., 2001). However, the plastic
strain of the grain itself (εps) is a variable very difficult to measure and model, moreover, the
compressibility of the grains is very low compared to the pore and bulk compressibilities;






Now replacing the equations A-13 to A-17 in A-2 results an expression for the porosity
change which includes the plastic volumetric strain
dφ
φ




And after including the relations between the rock compressibilities the above equation can





cs − cbc(1− φ)
φ
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B. Development of the fluid flow model
The first step for developing the fluid flow model is to pose the mass balance equation for
the fluid and the solid phase:








The Darcy law relates the relative velocity of the fluid with respect the solid phase in the
porous media, in this case the temperature changes can affect the velocity of the fluid, an
effect known as convective flow which is proportional to the convective flow parameter KT .
However this term is known to be very little for sandstones and is often ignored (Kurashige,
1989; Roshan et al., 2015).




Ignoring the convective flow term and replacing the equation B-3 in the equation B-2 and










+ ρfφ∇ · νs + qf (B-4)
An expression for the term ∇ · νs in the above equation is obtained from the mass balance
equation of the solid phase (equation B-2) like that:






















The effect of temperature in the fluid density is considered by supposing that the density is



















































The effect of temperature on the rock is considered by supposing that the pore volume is



































The equation B-11 can be expressed on function of the bulk compressibility cbc and the solid
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Finally, Replacing equation B-16 into equation B-15 and the resultant equation into equation
B-10 yields the THM fluid flow equation in terms of the variables pressure (p), temperature(T ),


























As it can be noted the above THM fluid flow equation only differs with a HM fluid flow
equation in the temperature term which includes the effect of temperature in the rock’s bulk
volume with the coefficient of thermal expansion of the bulk (βv), the effect of temperature
in the fluid with the coefficient of thermal expansion of the fluid (βf ), and the effect of
temperature in the pore volume with the coefficient of thermal expansion of the pores (βp).
The variable βp can be expressed in therms of βv and βs recognizing that the changes in bulk
volume (dVb), pore volume (dVp), and solid volume (dVs) are related as follows:
dVb = dVp + dVs (B-18)
Using the coefficients of thermal expansion for each phase in the above equation gives:
VbβvdT = φVbβpdT + (1− φ)VbβsdT (B-19)
Then, from the above we have that:
βp =
βv − (1− φ)βs
φ
(B-20)
The plastic deformation can be introduced directly into the equation B-17 just assuming

















The first right hand term in the above equation corresponds to the equation B-15, then, the
idea is to find an expression for the second right hand term. The definition of pore volume
allows us to have the following relation:





















Then, replacing B-23 and B-24 into B-22:




















The volumetric plastic strain εpv and the pore plastic strain ε
p
p in the equations B-25 and B-26
are related to phenomena such as rock grains rearrangement, crushing, or microfracturing.
These variables can be measured in the laboratory; however, the plastic deformation of the
rock grains εps is a variable very difficult to measure and it may be small compared to ε
p
v
and εpp. If it is assumed that ε
p
s = 0, then after replacing equations B-25 and B-26 into the






























The fluid flow equation (B-27) along with the porosity equation (A-19) constitute the THM
fluid flow model.
C. Development of the geomechanics
model
The first step for developing the geomechanics model is to pose the momentum equilibrium
equation which is written in the following way:
∇ · σ + F = 0 (C-1)
Where σ is the stress tensor and F is the body forces vector. Assuming that the body forces
have no effect on the stress state, the equilibrium equations in a cylindrical coordinate system











































σθr = σrθ (C-5)
σzr = σrz (C-6)
σzθ = σθz (C-7)
The above equations can be expressed in incremental form noting that the stress in a time
n+ 1 is equal to an stress in a time n plus an incremental stress like that:
σn+1 = σn + ∆σn+1 (C-8)
Replacing the above equation into equations from C-2 to C-7, the equilibrium equations can





















































The second step is to pose the strain-displacement equations which in cylindrical coordinates

























































v δij + α∆p
n+1δij + βvK∆T
n+1δij (C-21)
Since the rock is assumed to be elastoplastic the elastic strains can be expressed using












The THM geomechanics equations are obtained by replacing the equations from C-15 to
C-20 into the Hooke’s law (equation C-22) and then the resultant equations replaced into
the equilibrium equations C-9 to C-14, which yields the following expressions that relates the
displacements, the plastic strains, the pressure and temperature for the radial (r) direction:













































































































































































































































D. Development of the elastoplasticity
model
In this appendix the modified Cam-Clay model (Roscoe and Burland, 1968) is presented wit-
hin the framework of the theory of plasticity introduced in the section 2.3. It is important to
keep in mind, before proceeding with the development of the equations, the main objective
of the elastoplastic model, which is to find an expression to calculated the stress increments
dσij. Within the framework of th theory of plasticity, the development of the elastoplastic
model its a recipe, and the ingredients are the following equations:











kl + δij (αdp+KβvdT ) (D-2)





kl + δijKβvdT (D-3)
-The yield surface














In this case the hardening parameter is the plastic volumetric strain εpv, p
′
c is the preconso-
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· dεpv = 0 (D-7)















Where p′c0 = initial pre-consolidation stress, e0 = initial void ratio, λc = slope of the normal
consolidation line in the e-ln p′ space, and κc = lope of the unloading/reloading line in the
e-ln p′ space. The void ratio (e) is defined as the void volume (Vv) divided the solid volume
(Vs) of the rock.
Given the above equations, the procedure is the following. First replace equation D-8 into
equation D-6 to obtain an expression for the hardening parameter, like that













) = 0 (D-11)

















The next step is to replace the strain decomposition (equation D-1) into the Hooke’s law







kl + δijKβvdT (D-14)









































Where aij = ∂Y /∂σ
′






kl − dλCeijklakl + δijKβvdT (D-18)
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And CTpij is a matrix that results from including the thermal effect in the Hook’s law, and it





With the equation D-19, the objective of finding an expression for the stress change dσ′ij
during an elastoplastic process is achieved. The next step is to show an expression for every
term in the equation D-19. The first one the the elastic matrix Ceijkl, which can be expressed
as follows
Ceijmn = λδijδkl +G (δikδjl + δilδjk) (D-22)
































The next term is the hardening modulus H which is defined in the equation D-13, the term









The first derivative in the above equation can be calculated deriving the yield function




The second derivative in the equation D-25 can be calculated using the hardening rule of










Finally, the expression for the hardening modulus H can be found by replacing equations







· tr (aij) (D-28)
And at this point the definition of the equations for elastoplasticity model finishes. The nu-
merical implementation of the above elastoplastic model uses the modified Euler integration
method with error control proposed by (Sloan, 1987).
E. Finite difference discretization of the
fluid flow model








































































The above derivatives are discretized using the centered scheme, for the derivative with





































































Defining the forward transmissibility in the radial direction (Tr+) and in the backward di-



































= Tr+pi+1 − (Tr+ + Tr−) pi + Tr−pi−1 (E-5)



































































































































A = cfφ+ cbc − cs(1 + φ)− (cbc − cs)α (E-13)
BT = αβv + φ(βf − βp) (E-14)
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The equation E-12 can be expressed in incremental form noting that the pressure in a time
n+ 1 is equal to a pressure in a time n plus an incremental pressure like that:
pn+1 = pn + ∆pn+1 (E-15)
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i−1 − T n+1θ− p
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k−1 = Fijk (E-17)
E.1. Boundary conditions
Two boundary conditions can be implemented in order to model the fluid flow in the reservoir,
they are constant pressure (Dirichlet) or constant flow rate (Neumann), these boundary
conditions are defined in the following.
E.1.1. Constant pressure boundary condition
Suppose we want to define a Dirichlet boundary condition in the radial direction (pn+1r bondary),
this boundary condition can be expressed in incremental form like that
∆pn+1r boundary = p
n+1
r boundary − p
n
r boundary (E-18)
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Also suppose that the boundary is between a block i − 1 and a block i, then the above
















The boundary condition is considered in the fluid flow equation if the above expression is

















E.1.2. Constant flow rate boundary condition
In this case we have a Neumann boundary condition which requires the definition of deri-
vative value on the boundary. Supposing that we want to define the flow rate in the radial







If we suppose the boundary is between a block i−1 and a block i, then, expressing the above














The boundary condition is considered in the fluid flow equation if the above expression is


















F. Finite difference discretization of the
geomechanics model













































































































































































































































The main features involved in the finite difference discretization of the above three equations
can be consulted in the work of Araujo (2015); however, this thesis incorporates a term that
includes the effect of temperature (βvK∆T
n+1) in each equation. The discretization of the
equation C-23 gives
− (Tr1+ + Tr1− + Tr2+ + Tr2− + Tr3+ + Tr3− + Tr4+ + Tr4− + riTr7+ + riTr7− + Tr11) ∆Urn+1ijk
+ (Tr1+ + Tr4+ + ri+1Tr7+) ∆Ur
n+1
i+1 + (Tr1− + Tr4− + ri−1Tr7−) ∆Ur
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The discretization of the equation C-24 gives
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+ (−Tθ4+ + Tθ4− − Tθ13+) ∆Urn+1i,j−1 + (Tθ6+ + Tθ9+) ∆Uzn+1j+1,k+1 + (−Tθ6+ − Tθ9−) ∆Uz
n+1
j−1,k+1
+ (Tθ6+ − Tθ6−) ∆Uzn+1j+1,k + (−Tθ6+ + Tθ6−) ∆Uz
n+1
j−1,k + (−Tθ6− − Tθ9+) ∆Uz
n+1
j+1,k−1
+ (Tθ6− + Tθ9−) ∆Uz
n+1
j−1,k−1 + (Tθ9+ − Tθ9−) ∆Uz
n+1
j,k+1 + (Tθ9+ − Tθ9−) ∆Uz
n+1
j,k+1
+ (−Tθ9+ + Tθ9−) ∆Uzn+1j,k−1 + (Tθ10+) ∆pj+1 + (Tθ10+ − Tθ10−) ∆p
n+1
j + (−Tθ10−) ∆pn+1j−1
+ (Tθ15+) ∆T
n+1




ijk = 0 (F-2)
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Finally, the discretization of the equation C-25 gives
− (Tz1+ + Tz1− + Tz2+ + Tz2− + Tz3+ + Tz3− + Tz6+ + Tz6− + Tz9+ + Tz9−) ∆Uzn+1ijk
+ (Tz1+) ∆Uz
n+1
i+1 + (Tz1−) ∆Uz
n+1
i−1 + (Tz2+) ∆Uz
n+1
j+1 + (Tz2−) ∆Uz
n+1
j−1 + (Tz3+ + Tz9+) ∆Uz
n+1
k+1
+ (Tz3− + Tz9−) ∆Uz
n+1
k−1 + (Tz4+ + ri+1Tz7+) ∆Ur
n+1
i+1,k+1 + (−Tz4+ − ri+1Tz7−) ∆Ur
n+1
i+1,k−1
+ (Tz4+ − Tz4−) ∆Urn+1i,k+1 + (−Tz4+ + Tz4−) ∆Ur
n+1
i,k−1 + (−Tz4− − ri−1Tz7+) ∆Ur
n+1
i−1,k+1
+ (Tz4− + ri−1Tz7−) ∆Ur
n+1
i−1,k−1 + (ri+1Tz7+ − ri+1Tz7−) ∆Ur
n+1
i+1,k + (−ri−1Tz7+ + ri−1Tz7−) ∆Ur
n+1
i−1,k
+ (Tz5+ + Tz8+) ∆Uθ
n+1
j+1,k+1 + (−Tz5+ − Tz8−) ∆Uθ
n+1
j+1,k−1 + (Tz5+ − Tz5−) ∆Uθ
n+1
j,k+1
+ (−Tz5+ + Tz5−) ∆Uθn+1j,k−1 + (−Tz5− − Tz8+) ∆Uθ
n+1
j−1,k+1 + (Tz5− + Tz8−) ∆Uθ
n+1
j−1,k−1
+ (Tz8+ − Tz8−) ∆Uθn+1j+1,k + (−Tz8+ + Tz8−) ∆Uθ
n+1
j−1,k + (Tz10+) ∆pk+1 + (Tz10+ − Tz10−) ∆p
n+1
k
+ (−Tz10−) ∆pn+1k−1 + (Tz15+) ∆T
n+1
k+1 + (Tz15+ − Tz15−) ∆T
n+1






Where the only terms that are not defined in the work of Araujo (2015) are those related to
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k−1 = Fzijk (F-12)
F.1. Boundary conditions
Two boundary conditions can be implemented in order to model the stress equilibrium in
the reservoir, they are constant displacement (Dirichlet) or constant stress (Neumann), these
boundary conditions are defined in the following.
F.1.1. Constant displacement boundary condition
Suppose we want to define a Dirichlet boundary condition in the radial direction (Un+1r bondary),
in incremental form this boundary condition can be expressed like that
∆Un+1r boundary = U
n+1
r boundary − U
n
r boundary (F-13)
Also suppose that the boundary is between a block i − 1 and a block i, then the above























Then the boundary condition (F-14) can be replaced in the stress equilibrium equation for
the radial direction as follows






















F.1.2. Constant stress boundary condition
In this case we have a Neumann boundary condition which requires the definition of the



























Suppose for example, that we want to define the radial stress change on a boundary perpen-
dicular to the radial direction between a block i − 1 and a block i, then, the equation can
















Since the variable to be solved is the displacement, the Newman boundary condition must
be expressed in terms of displacements. In order to do this, first recall the Hooke’s for the

























+ α ∆p|i− 1
2
+ βvK ∆T |i− 1
2
(F-19)









F.1 Boundary conditions 95







Using the strain-displacement equations, the above equations can be expressed like that































+ α ∆p|i− 1
2
+ βvK ∆T |i− 1
2
(F-22)





























































































Three equations can be derived from the above relations in the form ∆Ui−1 +m∆Ui = b for
the radial, the tangential and the axial displacements, which can be replaced in the system of
equations in the same way shown for the case of constant displacement boundary condition
(Dirichlet boundary condition).
G. Validation
G.1. Validation of the fluid flow equation
G.1.1. Case 1 - finite reservoir
The validation of the fluid flow equation is performed by comparing the oil production
predicted by the numerical simulator with the results calculated with two analytical methods.
One is the solution of the diffusivity equation by the integral exponential approach (equation
G-1) which assumes an infinity acting reservoir (Lee, 1982).
Q =











The second analytical method is the exact solution to the diffusivity equation which is known
as the Van Everdingen-Hurst solution and which values are tabulated in Lee (1982). The
first validation case correspond to an open hole with the following characteristics:
Table G-1.: Parameters for validating the fluid of flow model - case 1.
Porosity 0.15 Wellbore pressure (psi) 2000
Permeability (mD)
x 100 Reservoir external radius (ft) 1000
y 100 Wellbore radius (ft) 0.5




Oil volume factor 1.0159 θ 8
Oil viscosity (cp) 23.31 z 20
Total compresibility (1/psi) 8.7e-6 Production time (year) 2
Reservoir pressure (psi) 2830 Type of completion open hole
The results for the oil production are shown in the figure G-1. Generally, the simulated oil
production curve approximate well the analytical solutions, however there is a difference for
initial times (less than 0.02 days), also note that the integral exponential solution diverges
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for times greater than 12 days, which is because the reservoir is no longer behaving as an
infinite source.
Figure G-1.: Oil production curve - case 1.
The accumulated production curve (figure G-2) lets us observe that initial mismatch does
not play an important role due to it corresponds to a very short time. However, the analysis
of the error (figure G-3) shows an initial error due to the initial observed mismatch and an
increasing error at the end of simulation which is related with the end of the infinite reservoir
behavior, which will be demonstrated with the second validation case for fluid flow.
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Figure G-2.: Accumulated production - case 1.
Figure G-3.: Error analysis - case 1.
G.1.2. Case 2 - infinite reservoir
The second validation case for fluid flow tries to simulate a reservoir that will behave always
as an infinite reservoir. The parameters for this case of validation are presented in the next
table.
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Table G-2.: Parameters for validating the fluid of flow model - case 1.
Porosity 0.15 Wellbore pressure (psi) 2000
Permeability (mD)
x 0.294 Reservoir external radius (ft) 1000
y 0.294 Wellbore radius (ft) 0.5




Oil volume factor 1.2 θ 8
Oil viscosity (cp) 1 z 5
Total compresibility (1/psi) 20e-6 Production time (year) 1
Reservoir pressure (psi) 2500 Type of completion open hole
Again, the oil production curve (figure G-4) shows an initial mismatch as in the previous
case, however, as it can be seen the behavior of the curves correspond to an infinite reservoir.
Figure G-4.: Oil production curve - case 2.
The accumulate oil production (figure G-5) shows a good agreement between the solutions,
and the error analysis (figure G-6) show how the error decreases with the simulation time
unlike the previous validation case.
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Figure G-5.: Accumulated production for the case of validation 2 for fluid flow.
Figure G-6.: Error analysis for the case of validation 2 for fluid flow.
G.1.3. Remark
In spite of the good agreement with the analytical solutions, there is some error in the
simulations that can be corrected; However, it is concluded that the simulation succeed in
this validation section.
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G.2. Validation of the isothermal stress calculation
G.2.1. Case 1 - isotropic horizontal stresses
In this case the validation of the numerical stress calculation is performed with the following






















σz = σv (G-4)
The parameters for this validation case are resumed in the following table:
Table G-3.: Parameters for the isothermal stress validation case 1.
Variable Value
Horizontal stress (psi) 5000
Vertical stress (psi) 5000
Wellbore pressure (psi) 2000
Wellbore radius (ft) 0.35
Reservoir radius (ft) 300
The results of this validation case are presented in the figure G-7 where it can be observed
that there is a good agreement between the analytical and the numerical solutions, this fact
is confirmed since the error is alway less that the 2 % for all the stress profiles.
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Figure G-7.: Results of the isothermal stress validation - case 1.
G.2.2. Case 2 - anisotropic horizontal stresses
In this case the validation of the numerical stress calculation is performed with a the following

















































The parameters for this validation case are resumed in the following table:
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Table G-4.: Parameters for the isothermal stress validation case 2.
Variable Value
Max. Horizontal stress (psi) 5000
Min. Horizontal stress (psi) 4000
Vertical stress (psi) 5000
Wellbore pressure (psi) 2000
Wellbore radius (ft) 0.35
Reservoir radius (ft) 300
The results of this validation case are presented in the figure G-8 for an angle of 0◦ with
respect to the maximum horizontal stress, and the figure G-9 for an angle of 90◦ with respect
to the maximum horizontal stress.
Figure G-8.: Results of the isothermal stress validation - case 2, 0◦ with respect to the
maximum horizontal stress.
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Figure G-9.: Results of the isothermal stress validation - case 2, 90◦ with respect to the
maximum horizontal stress.
It can be observed that, in general, there is a good agreement between the analytical and the
numerical solutions; however, there is an important deviation with the analytical solution of
15 % when the radius is near the wellbore radius.
G.2.3. Remark
Since the maximum error in the case 1 was less than 2 %, the simulator succeed this validation
case without problems; however, the numerical results for the case 2 showed an important
deviation of 15 % near the wellbore radius. This is because in the case 2, the stress field varies
around the wellbore for every angle from 0◦ to 90◦ with respect to the maximum horizontal
stress; which requires an important grid refinement to capture the stress field variation. Since
the maximum error for the case 2 is located near the wellbore (a distance less than 0.5 ft),
in this investigation the THM simulator will be used as it is. However, it is recommended
for further investigation to correct the bug in the code which is causing the error noted in
this validation case.
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G.3. Coupled stress, pressure and temperature validation
In this validation case the coupled stress, pressure and temperature capabilities of the simu-
lator are validated against an analytical model developed by Li (1998) as part of her Ph.D
thesis and which is presented in the appendix H. The parameters required for this valida-
tions are presented in the table G-5. This validation case consist of a reservoir with initial
temperature of 70◦F which is exposed to a wellbore temperature of 160◦F during 10 days,
without injecting any fluid, that is, the wellbore pressure always will be equal to the reservoir
pressure during all the time, and the thermally induced pressure and stresses calculated by
the numerical simulator will be compared with the analytical results.
Table G-5.: Parameters for the THM validation
Porosity 0.15 Pore fluid viscosity (cP) 1
Permeability (mD) 1e-6 Wellbore radius (ft) 0.35
Bulk thermal expantion
coeficient (1/◦F)
6.3e-5 Reservoir radius (ft) 50
Pore fluid thermal
expantion coeficient (1/◦F)
5e-3 Thickness (ft) 10
Solid grains thermal
expantion coeficient (1/◦F)
3.5e-5 Wellbore temperature (◦F) 160
Reservoir thermal
difussivity coefficient (m2/s)
9e-3 Wellbore pressure (psi) 1000
Possion’s ratio 0.25 Reservor temperature (◦F) 70
Young’s modulus (psi) 1e6 Reservoir pore pressure (psi) 1000
Solid grains compressibility (1/psi) 1e-8 Overburden stress (psi) 5000
Pore fluid compressibility (1/psi) 8.7e-5 Reservoir horizontal stress (psi) 4000
Pore fluid density (Lbm/ft3) 62.4 Simulation time (days) 10
As it has been explained, the numerical simulator developed in this investigation does not
calculate the temperature in the reservoir, it requires and input temperature profile (see figure
3-2), therefore, in order to perform this validation case the temperature profile calculated
by the analytical model is introduced in the numerical simulator and the results of pressure
and temperature are compared to validate performance of the simulator.The figure G-10
shows that the temperature profile calculated by the analytical model is exactly the same
that is introduced in the simulator, the profiles correspond to 12 minutes, 1 day and 10 days
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of thermal exposure.
Figure G-10.: Temperature profile introduced in the simulator vs. The analytical counter-
part.
Because the permeability of the simulated rock is very small, the thermal exposure induces
an increase in the pore pressure; this thermally induced pore pressure calculated by the nu-
merical simulator is compared with the analytical results in the figure G-11, the results are
presented for a maximum dimensionless radius of 1.5 which correspond to 0.525 ft, this short
distance from the wellbore is in order to zoom up the zone where the error is not stable. As
can be seen, the error for the three profiles stabilizes from the dimensionless radius of 1.3
and it keeps under the value of 3 %; which means that the numerical results have a good
agreement with the analytical results.
The figure G-12 shows results for the thermally induced radial stress, as it can be obser-
ved, the error between the analytical and the numerical solution stabilizes from a distance
of 1.2 dimensionless radius and keeps under 0.5 %, what means a good agreement between
both the results. However is important to observe that for the simulation time of 12 mi-
nutes, the radial stress profile has a bump close to the wellbore, which blows up the error
in that interval. The reason for this behavior is still being studied and will be corrected later.
The figure G-13 shows the results for the thermally induced tangential stress, the errors
stabilize from a distance of 2.25 dimensionless radius and keeps under 2 % meaning a good
agreement between the numerical and the analytical results; however, the error for the 12
minutes profile again has a blow up near the wellbore radius.
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Finally, the results for the thermally induced axial stress (figure G-14) show that the errors
get stable from 2.2 dimensionless radius, again the mismatch near the wellbore for the 12
minutes stress profile persist.
Figure G-11.: Thermally induced pore pressure numerical vs. Analytical results.
Figure G-12.: Thermally induced radial stress numerical vs. Analytical results.
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Figure G-13.: Thermally induced tangential stress numerical vs. Analytical results.
Figure G-14.: Thermally induced axial stress numerical vs. Analytical results.
G.3.1. Remark
Even though there is an important mismatch for the stress profiles at 12 minutes near the
wellbore, it does not appear in stress profiles for greater times, and also, the mismatch involve
only a little portion of the stress profile; for this reason it is concluded that the simulator
succeed this validation case, however, further work is required to correct the observed error.
H. Analytic thermoporoelastic model
The following model was formulated by Li (1998) and presents the following characteristics:
It can be used for whether vertical or inclined cylindrical boreholes.
It allows a non-isotropic horizontal stress field.
It allows transient behavior for pressure and temperature.
It can be used for wellbore stability analysis.
The main suppositions of the model are:
The heat is transferred only by transient conduction.
Plaint strain conditions.
An infinite acting reservoir.
The transient temperature, pore pressure and stress profiles in the Laplace domain are given
by the following expressions, in this investigation these expressions were inverted into the
time domain using the algorithm of Stehfest (1970):
Temperature profile:





sp̃ = pm +
cfT
1− cf/cT

















2(1− ν)(1 + νu)2S0cos(2θ + π)
9(1− νu)(νu − ν)
K2(ξ) (H-2)
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Radial stress profile:
sσ̃rr = (pm − P0)
a2
r2
+ P0 − S0cos(2θ + π) + 2η
[
(pm − pf )−
cfT
1− cf/cT






















































sσ̃θθ = (P0 − pm)
a2
r2
+ P0 + S0cos(2θ + π)− 2η
[
(pm − pf )−
cfT
1− cf/cT
















































































The axial stress profile can be expressed as function of the above stress profiles like this:











2kGB2(1− ν)(1 + νu)2










































D1 = 2(νu − ν)K1(β) (H-16)
D2 = β(1− ν)K2(β) (H-17)
C1 =
−12β(1− νu)(νu − ν)
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of reservoir thermal alteration: A literature review. Journal of Petroleum Science and
Engineering 152, 250 – 266.
Vermeer, P.A., de Borst, R., 1989. Non-associated plasticity for soils, concrete and rock.
HERON 29, 1–64.
120 Bibliography
Wang, Y., Dusseault, M.B., 1995. Response of a circular opening in a friable low-permeability
medium to temperature and pore pressure changes. International Journal for Numerical
and Analytical Methods in Geomechanics 19, 157–179.
Wang, Y., Papamichos, E., 1994. Conductive heat flow and thermally induced fluid flow
around a well bore in a poroelastic medium. Water Resources Research 30, 3375–3384.
Wei, K.K., Morrow, N.R., Brower, K.R., 1986. Effect of fluid, confining pressure, and tem-
perature on absolute permeabilities of low-permeability sandstones. SPE Formation Eva-
luation 1, 413–423. SPE–13093–PA.
Weinbrandt, R.M., Ramey Jr, H.J., Casse, F.J., 1975. The effect of temperature on relative
and absolute permeability of sandstones. Society of Petroleum Engineers Journal 15,
376–384. SPE–4142–PA.
Wong, R.C.K., 2003. A model for strain-induced permeability anisotropy in deformable
granular media. Canadian Geotechnical Journal 40, 95–106.
Yang, Y., Guerlebeck, K., Schanz, T., 2014. Thermo-osmosis effect in saturated porous
medium. Transport in Porous Media 104, 253–271.
Yin, S., Dusseault, M.B., Rothenburg, L., 2010. Fully coupled numerical modelling of ground
surface uplift in steam injection. Journal of Canadian Petroleum Technology 49, 16–21.
Yu, J., Chen, S.j., Chen, X., Zhang, Y.z., Cai, Y.y., 2015. Experimental investigation on
mechanical properties and permeability evolution of red sandstone after heat treatments.
Journal of Zhejiang University Science A 16, 749–759.
Yuting, D., Xudong, J., Yingfeng, M., Pingya, L., 2000. Closure behaviour of natural rock
fractures, in: SPE/AAPG Western Regional Meeting, 19-22 June, Long Beach, California.,
Society of Petroleum Engineers. SPE-62539-MS.
Zhang, L., Mao, X., Lu, A., 2009. Experimental study on the mechanical properties of rocks
at high temperature. Science in China Series E: Technological Sciences 52, 641–646.
Zimmerman, R., Somerton, W., King, M., 1986. Compressibility of porous rocks. Journal of
Geophisical Research 91, 765–777.
Zoback, M.D., 2007. Reservoir geomechanics. Cambridge University Press.
Zoback, M.D., Byerlee, J.D., 1976. Effect of high pressure deformation on permeability of
Ottawa sand. The American Association of Petroleum Geologists Bulletin 60, 1531–1542.
